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The Kinetics of Reactivation, by Oximes, of Cholinesterase 
Inhibited by Organophosphorus Compounds 


By D. R. DAVIES anp A. L. GREEN 
The Chemical Defence Experimental Establishment, Porton, Wilts 


(Received 15 November 1955) 


The inhibition of cholinesterase (ChE) and related 
enzymes, by organophosphorus compounds, is 
generally believed to occur by direct phosphoryla- 
tion of some group at the active centre of the 
enzyme, together with the liberation of an acid 
anion (Wilson, 1951; Balls & Jansen, 1952; Hartley 
& Kilby, 1952; Aldridge, 1954; Kilby & Youatt, 
1954). 

Inhibition by organophosphorus compounds is 
generally not reversible by dialysis or dilution, but 
the inhibited enzyme can be reactivated by treat- 
ment with many chemical reagents with a nucleo- 
philic affinity for phosphorus, presumably by direct 
chemical displacement of the enzyme from the 
phosphorus atom (Wilson, 1951, 1952). A survey of 
a wide range of reactivating reagents has been given 
by Wilson (19556), who has shown that reactivators 
are particularly effective if they possess a group 
capable of forming a complex with the inhibited 
enzyme. In addition, the rate of reactivation was 
found to be markedly dependent upon pH, and 
showed an optimum depending upon the pK, of the 
reactivating agent. 

Few detailed studies have been reported upon the 
kinetics of reactivation. The rate of reactivation by 
choline of tetraethyl pyrophosphate (TEPP) in- 
hibited ChE was found by Wilson (1952) to approach 
zero order with increasing concentration of the 
reactivator, i.e. it shows the phenomenon of 
saturation as found in normal enzyme-substrate 
action. This effect was not observed with hydroxy]l- 
amine, but even so the rate did not show a simple 
dependence upon hydroxylamine concentration. 
Cunningham (1954) obtained similar results in the 
reactivation by hydroxylamine of diethyl p- 
nitrophenyl phosphate (E600) inhibited chymo- 
trypsin. 

Wilson, Ginsberg & Meislich (1955) have reported 
that the rate of reactivation of inhibited true ChE 
by hydroxamic acids also shows the saturation 
effect found with choline, while a similar result was 
obtained with hydroxamic acids and the pseudo 
enzyme (Wilson, 1955a). 

In a previous paper (Childs, Davies, Green & 
Rutland, 1955) the reactivating power of a wide 
range of oximes was reported. The present paper 


34 


describes the kinetics of reactivation by selected 
members of this group of compounds and discusses 
the significance of the results in relation to the 
structure of the active centre of ChE. 


EXPERIMENTAL 


Materials 


The oximes were prepared by the action of nitrous acid on 
compounds possessing a suitably activated methylene group. 
Diisonitrosoacetone was obtained from acetone dicarboxylic 
acid (Koessler & Hanke, 1918), monoisonitrosoacetone 
from ethyl acetoacetate (Freon, 1939), isonitrosoaceto- 
phenone from acetophenone (Claisen & Manasse, 1887) and 
isonitrosoacetylacetone from acetylacetone (Wolff, 1902). 
The hydroxamic acids were prepared as described by 
Hackley, Plapinger, Stolberg & Wagner-Jauregg (1955). 
They were characterized by melting-point determinations 
and nitrogen analyses. 


Methods 


Experiments at pH 7-4. Washed human erythrocytes were 
suspended in an equal volume of 0-9% NaCl and then 
allowed to stand in contact with the inhibitor (10-*m) for 
10 min. at 25°. The cells were washed with ice-cold saline to 
remove excess of inhibitor, and then stored at 0° in an equal 
volume of saline until immediately before use. One volume 
of the inhibited cell suspension was mixed with one volume 
of the reactivating agent in veronal buffer (sodium diethyl- 
barbiturate, 0-Olm; KH,PO,, 0-002m; KCl, 0-3m), and 
stored at the required temperature. At intervals, 1 ml. of 
this mixture was added to 10 ml. of acetylcholine chloride 
(0-01m) in the above veronal buffer. ChE determinations 
were carried out by the electrometric method (Michel, 
1949). 

Experiments at varying pH. The non-inhibited cell-saline 
suspension (10 ml.) containing the oxime at twice the 
required final concentration was treated with 0-1n-NaOH 
or 0-1N-HCl to bring the pH to the required value and the 
volume was then made up to 20 ml. with saline. To the 
inhibited cell—-saline suspension (10 ml., prepared as above) 
was added the same volume of alkali or acid as determined 
above, followed by the oxime dissolved in the volume of 
saline required to bring the total volume to 20 ml. Samples 
(1 ml.) were then taken at intervals and analysed for ChE 
activity. The pH was checked during each run. 

In both types of experiment, controls were run (a) upon 
the enzyme alone, (b) upon the enzyme in the presence of the 
reactivator, and (c) upon the inhibited enzyme. 
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Table 1. Second-order rate constants for the reactiva- 





RESULTS " ern : 
tion by monoisonitrosoacetone, at pH 7-4 and 25°, of 
The kinetics of reactivation erythrocyte ChE inhibited by TEPP or by Sarin 
If the reactivation process consists of a direct The values of k& are given as 1./mole/min. 
nucleophilic displacement of the enzyme from the thie Inhibitor 
phosphorus atom, it would be expected that the conen. 
process would obey a second-order rate equation : (m) Sarin TEPP 
dE 0-001 23-0 — 
—~ = k[E. — E] [oxime], 0-002 23-0) o)- 7 
dt 20-0 f 21-5 7-2 
where [£] is the concentration of reactivated 0-004 24:0) 59.9 a 
enzyme after time ¢, and [£,,] is the total inhibited 4 20-4) ~~ 
enzyme concentration available for reactivation. 0-005 7 6-8) 71 
aan, ; : : ; 7-4) 
Chis equation will be valid provided that (a) the 0-01 és 568 
enzyme does not contain two or more forms which as - 7 
would be reactivated at different rates, (b) the pH 400 





and temperature are kept constant, and (c) the 
oxime does not form a complex with the inhibited 
enzyme. 

This rate law has been demonstrated (Table 1) 
with mono- and di-isonitrosoacetone at concentra- 
tions below 0-01 M and ChE inhibited by TEPP or by 
isopropyl methylphosphonofluoridate (Sarin). At 
these concentrations, neither of these oximes 
inhibits the free enzyme, and hence presumably the 
oxime does not form a complex with the phos- 
phorylated enzyme. Even with dsonitrosoaceto- 10 20 30 40 SO 60 70 
phenone, which forms a strong complex with the Time (min.) 
free enzyme, the observed rate constant does not 
fall off markedly until the concentration reaches 
0-Olm. At concentrations above 0-01™M the rate 
of reactivation by all three compounds of ChE 
inhibited with either Sarin or TEPP becomes too 


a 
Oo 


3 


Enzyme activity (AA pH x 100 





fast to measure accurately. 3" 
A typical experiment (Fig. 1) shows the first- | 
order dependence of the rate on concentration of a 
inhibited enzyme. bo 
212 
Rate of reactivation by different oximes 
of inhibited ChE 1-0 
On the assumption that the second-order kinetics, 
demonstrated above, are generally valid, irre- 08 10 20 30 40 
spective of inhibitor and oxime, the rate constants Time (min.) 
for a number of the more active compounds Fig. 1. Reactivation of erythrocyte ChE inhibited by 
described previously (Childs et al. 1955) have been Sarin. Reagent: monoisonitrosoacetone (0-002 Mm) at 
determined for TEPP, diisopropyl phosphoro- pH 7-4 and 25°. H,=enzyme activity after time ¢. 
! 


Table 2. Rate of reactivation by various oximes and hydroxamic acids of inhibited erythrocyte ChE 


i 
/ . | 
Values of & are given in 1./mole/min.; temp., 25°; pH 7-4 (approx.). The figures in brackets indicate the number of | 





experiments. mh! 
Inhibitor 
c se i | 
Compound TEPP DFP Sarin 
Diisonitrosoacetone 8-4 (4) 0-8 (3) 24-3 (6) 
Monvisonitrosoacetone 6-8 (4) 0-7 (3) 22-1 (5) 
isoNitrosoacetophenone 10-7 (3) 5-1 (2 4-4 (2) ( 
isoNitrosoacetylacetone 0-7 (2) — 1-1 (1) 
Picolinohydroxamic acid 2-9 (2) 0-6 (2) 0-2 (1) 
Nicotinohydroxamic acid methiodide 0-3 (1) <0-05 (1) 0-3 (1) 








a 
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fluoridate (DFP) and Sarin. The results are given in 
Table 2. In all cases, the rate constants quoted 
were determined with concentrations of oxime or 
hydroxamic acid below 0-02M. 


Activation energies 


The apparent activation energy for the reactiva- 
tion by diisonitrosoacetone of erythrocyte ChE 
inhibited with TEPP or Sarin was measured by 
carrying out the reactivation under identical condi- 
tions at different temperatures. The results are given 
in Table 3. These values may not give the true 
activation energies since the rate constants are 
pH-dependent, and this dependence may not be 
identical at different temperatures. 


Variation in the rate of reactivation with pH 


The rate of reactivation of TEPP-inhibited 
erythrocyte ChE by mono/sonitrosoacetone was 
studied over the pH range 6—9. The observed rates 
are shown in Fig. 2. Superimposed on the observed 
points is a curve derived on the assumption that 
reactivation is due solely to a reaction between the 
anion (A) of the oxime (A, pK, 8-3) and a pro- 
tonated form of the inhibited enzyme (EI*—-H, 
pK, 7-3), i.e. that the reaction is of the form 


El’-H+A + E+HAI > E+ products. 
Therefore v=k,[A ] [ETH™] 
=Kopservea [A Itotar LET tota1 » 
[A’] [ETH*] 
Becca = “y 7 : 
LA hota TED ota 


1.€. 
The values k, (106 i./moie/min.) and pK, of the 
inhibited enzyme (7-3) have been chosen in order to 
give the best fit to the observed points. 


Effect of storage on ability to be reactivated 


It was originally observed that if the enzyme, 
freshly inhibited with DFP or Sarin, was stored at 
room temperature for about 24hr., only about 
20°% of the initial activity could be restored on 
treatment with oxime, although the rate at which 
reactivation occurred was unchanged. This effect 
was not observed, however, with ChE inhibited 
with TEPP. 

This phenomenon has been studied in greater 
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detail with ChE inhibited with Sarin. The inhibited 
enzyme was stored at 37°, and samples were taken at 
approximately hourly intervals and reactivated 
with monoisonitrosoacetone (0-01m) for 30 min., 
i.e. about ten half-lives. Controls on the free 
enzyme, the free enzyme in the presence of the 
reactivator, and on the inhibited enzyme, were 
run simultaneously to ensure that the enzyme 
itself was not denatured under these conditions. 
The results of a typical experiment are shown in 
Table 4. 

A plot of the values of log (7’—J) against time, 
where T is reactivated enzyme and J is inhibited 
enzyme, gives a straight line which shows that the 
transformation occurs at a first-order rate. As will 
be seen from Table 4, the activity of the free enzyme 
is not affected by storage at 37°. 

The effect of pH on the rate of transformation has 
also been studied and the results are shown in 
Table 5. The transformation is markedly accelerated 
at lower pH and inhibited at higher pH. The free 
enzyme itself is also rather less stable at pH values 
above and below 7, but this will not seriously in- 
fluence the values given for the rates of trans- 
formation. 

At 0°, ChE inhibited by either Sarin or DFP may 
be kept for over a week without reduction in its 
ability to be reactivated. 


70 


yeh ww o@ 
a — a a 


yY 
° 


Rate constant (I./mole/min.) 


1-0 





60 70 8-0 9-0 
pH 
Fig. 2. Second-order rate constants for the reactivation of 
erythrocyte cholinesterase inhibited with TEPP at 25 
at different pH values. 


Table 3. Rates of reactivation by diisonitrosoacetone at pH 7-4 and different temperatures of erythrocyte ChE 
inhibited with TEPP or Sarin, and the corresponding activation energies 


Rate constant 


Activation energy 








(1./mole/min.) (Keal./mole) 
Inhibitor 10° 25° 37° 10-25° 10-37° 25-37° Average 
TEPP — 8-4 17-6 —_ a 11-4 11-4 
Sarin 8-9 24-3 53 11-2 11-5 11-9 11-5 


34-2 
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Table 4. Reactivation of ChE inhibited by Sarin after storage at 37° 
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Cholinesterase inhibited by Sarin was stored at 37° at pH 7-2 for varying time intervals; samples were withdrawn and 
reactivated for 30 min. in the presence of 0-01 M monoisonitrosoacetone (MINA) at 25°; enzyme activities are expressed as 


100 ApH in 45 min. 


Time of storage (hr.) 





c ? << 
0 1-5 2-5 4 5 6 

Enzyme alone (E) 110 lll 113 106 109 102 
Enzyme + MINA (M) 101 101 107 98 102 100 
Inhibited enzyme (J) 13 10 15 10 13 13 
Reactivated enzyme (7') 91 a 62 47 38 33 
7 =e 86 61 47 37 25 20 
Log (T -1) 1-935 1-785 1-672 1-568 1-398 1-301 


Table 5. Rate of transformation of ChE inhibited by Sarin on storage at 37° and varying pH 


Cholinesterase inhibited by Sarin was stored at 37° at different pH values. Samples were withdrawn at varying time 
intervals and reactivated with 0-01 M monoisonitrosoacetone for 30 min. at 25°. The rate of transformation of the inhibited 
enzyme from reactivatable to non-reactivatable forms was then calculated from a graph of log (7' — J) against time. 





pH 
v ; = 
6-0 7-1 7-2 8-0 8-5 
Rate of transformation (min.—) 0-010 0-0040 0-0038 0-0030 0-0012 


DISCUSSION 


The mechanism of ChE action has been discussed 
in detail by Wilson, Bergmann & Nachmansohn 
(1950), who suggested that normal hydrolytic action 
occurs through the formation of an unstable 
acylated intermediate, which is spontaneously 
hydrolysed in water. Inhibition by organo- 
phosphorus compounds may then be explained as 
due to the formation of a corresponding phosphory- 
lated intermediate, which in contrast is relatively 
stable to hydrolysis (Wilson, 1951; Aldridge, 1954). 

From the variation of ChE activity with pH, it 
has been suggested that the acylated or phosphory- 
lated site in the enzyme may be the basic nitrogen 
atom of the iminazole ring in histidine (Wilson & 
Bergmann, 1950). Similar calculations have also 
indicated histidine as the active nucleophilic 
molecule in pseudo ChE, chymotrypsin and trypsin 
(Laidler, 1955; Gutfreund, 1955). Thus if it can be 
shown that inhibition does occur by the formation of 
a phosphorylated iminazole ring then this would be 
strong confirmation of the participation of histidine 
in the normal process of hydrolysis. 

Evidence for the phosphorylation theory of 
inhibition has been obtained, both from the stoiche- 
iometric nature of the inhibition itself (Balls & 
Jansen, 1952) and from the kinetics of reactivation 
by water, of ChE inhibited by organophosphorus 
compounds of the form (RO),P(O)X, where the 
alkyl group R was kept the same and the acid group 
X was varied (Aldridge, 1953; Aldridge & Davison, 
1953). 

Although some studies have been reported on the 
kinetics of reactivation by nucleophilic reagents 


other than water (Wilson, 1952, 1955a; Wilson et al. 
1955; Cunningham, 1954) no simple linear de- 
pendence of the rate on the concentration of the 
reactivator has yet been demonstrated. The satura- 
tion effect observed when choline (Wilson, 1952) or 
hydroxamic acids (Wilson et al. 1955) are used as 
reactivators suggested that the mechanism of 
reactivation may be similar to that of normal 
enzymic hydrolysis, i.e. may be expressed in the 


form ‘ ‘ 
EI+A = EIA—E+IA, 
ke 


where A is the actual reactivating species (e.g. for 
oximes the anion, for hydroxylamine the neutral 
molecule). If the breakdown of the complex is the 
rate-controlling step the overall rate may be 
expressed as 

= _dE_. [A][EI*] 

~ at * K,+[A]’ 

where [EI*] is the total amount of inhibited enzyme 
remaining, and 


_[EQ[A]l_k.+ks 


A“ TEIA] & 





Wilson et al. (1955) have observed a rate equation of 
this form for the reactivation by nicotinohydrox- 
amic acid of TEPP-inhibited ChE, a value 0-034 
being given for K,. 

If the observed rate, v, is proportional to concen- 
tration [A], then K, must be large compared with 
[A] and the rate v is given by 

a kyks * 
7 [A] [EI*]. 





od 
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If k, <€ k, then v=k, [A] [EI*]. Under these cireum- 
stances, the complex EIA may be regarded as 
possessing only a transitory existence, in fact it 
may be looked upon merely as the transition state 
for the reaction EI+A > E+IA. In other words, 
the reactivation process is a simple chemical dis- 
placement reaction. 

Tf k, > k, then 

ky kg 


aa [A] [EI*]. 





In this case the rate-controlling step is the formation 
of acomplex EIA which can no longer be regarded as 
the transition state for the reaction. 

From the kinetics alone, it was impossible to tell 
with the oximes which of the above conditions 
prevailed. Although the rate of reactivation was 
linear with concentration below 0-01M, a saturation 
effect may have occurred at higher concentration, 
but it was impossible to confirm this owing to the 
rapidity with which reactivation occurs under these 
circumstances. However, if reactivation is a normal 
chemical reaction, it would be expected that the 
relative rates of reactivation of inhibited ChE (I, 
where E represents the whole enzyme phosphory- 
lated as shown at the active site) when R and R’ are 
varied would be analogous to the relative rates of 
reaction of nucleophilic reagents with any corre- 
sponding set of inhibitors of the form (II). 


R(O) R(Q) 
hy \ 
gr ye 

R’O E R’O > 
(1) (II) 


The action of nucleophilic reagents (e.g. water, 
amines and anions) on diethyl- and diisopropyl- 


yO 
phosphorochloridates (BOWS has been studied 


by Dostrovsky & Halmann (1953), who found that 
although the relative rate of reaction depended to 
some extent upon the precise structure of the 
reagent, the diethyl compound was normally 5-10 
times as reactive as the diisopropyl compound. 
Hackley et al. (1955) have reported that hydroxamic 
acids react about 20 times as rapidly with Sarin as 
with DFP. Thus the ease of reactivation would be 
expected to be in the order Sarin>TEPP > DFP. 
From the data in Table 2, it may be seen that the 
ease of reactivation by the aliphatic csonitroso 
compounds does fall into this order, whereas with 
isonitrosoacetophenone and the hydroxamic acids 
considerable discrepancies are found, particularly 
isoNitrosoacetophenone and_ the 


with Sarin. 


hydroxamiec acids do themselves inhibit the free 
ChE, and the formation of a distinct complex EIA 
may well influence the rate-controlling step. 
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Table 6. Dissociation constant of 
phosphorylated ChE 


Optimum 

Compound pk, pH pk, 
Pyridine 5-2 6-6 8-0 
Hydroxylamine 6-2 7-0 7-8 
Nicotinohydroxamice acid 6-5 7:3 8-1 

methiodide 

Nicotinohydroxamic acid 8-3 7-9 75 
Monoisonitrosoacetone 8-3 7:8 7:3 
Acetohydroxamic acid 9-4 8-3 7-2 
Choline ~12 ~9-10 ~6-8 


The approximately equal activation energies 
(11-12 keal./mole) found for the reactivation by 
dizsonitrosoacetone of ChE inhibited by TEPP or 
Sarin are in agreement with the concept of a simple 
chemical-displacement reaction, the slightly faster 
rate with Sarin being probably due to lower steric 
hindrance. 

It was observed by Wilson (1955) that the rate of 
reactivation of inhibited ChE by a range of reacti- 
vators showed a marked pH dependence. A similar 
effect has been found with monoisonitrosoacetone. 
As shown in Fig. 2, the rate of reactivation is 
approximately proportional to the product of the 
concentrations of the monoisonitrosoacetone anion 
and a protonated form of the enzyme. Under these 
circumstances the optimum pH equals }(pK, + pK3), 
where K, is the dissociation constant of the re- 
activator and K, that of the enzyme. Thus from a 
knowledge of the optimum pH and pK,, pK, can be 
calculated. Table 6 shows the values of pK, obtained 
in this way; the data have been taken mainly from 
Wilson (19556). The values so obtained for pK, are 
reasonably consistent with an average of about 7-6. 

Wilson et al. (1955) have identified this ionizing 
group in the inhibited enzyme with the acidic centre 
in the esteratic site of free ChE, although the pK 
value is markedly different from 10-5, obtained from 
measurements of the variation of ChE activity with 
pH. 

If it be assumed that the initial phase of ChE 
inhibition consists of phosphorylation of a ring N 
atom in histidine, then the pK value of 7-6 can be 
attributed to the phosphorylated histidine. The 
charged form of the phosphorylated iminazole ring 
will be much more susceptible to attack by nucleo- 
philic reagents than will the uncharged form (see 
top of p. 534). It might be expected that reactiva- 
tion of the phosphorylated enzyme by water would 
also be catalysed by acid, but Davison (1955) has 
reported that although aqueoussolvolysis of diethyl - 
phosphoryl pseudo ChE shows catalysis by acid, 
the solvolysis of dimethylphosphory] true ChE is not 
catalysed by acid but shows an optimum at pH 7:8. 
There seems no obvious explanation of this fact, 
but it may be connected with the storage effect. 








EtO " OEt 


i 
R—-C—_N 
CH oo 
| ®/ 
CH—N/_’ 
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Jandorf, Michel, Schaffer, Egan & Summerson 
(1955) have observed that ChE inhibited with DFP 
loses its ability to be reactivated by hydroxamic 
acids, after storage at 25° for 30 hr., and suggested 
a transfer of the phosphoryl] group from an unstable 
to a more stable linkage. Wilson (1955) similarly 
noted that the ditsopropyl- and dimethyl-phos- 
phorylated enzymes underwent this transformation 
upon storage, but that the diethylphosphorylated 
enzyme was relatively resistant. This fact has been 
confirmed in the present work. Although ChE 
inhibited by TEPP could still be reactivated almost 
completely after storage at 37° for 5 hr., ChE in- 
hibited by Sarin was found to undergo the trans- 
formation at about the same rate as ChE inhibited 
by DFP. At 37° the transformation obeys a first- 
order rate law (see Table 4) and shows marked acid 
catalysis (see Table 5). These results are consistent 
with the reaction of the protonated form of the 
phosphorylhistidine with another basic group in the 


enzyme (e.g. the hydroxyl group of tyrosine or 


serine) 
R™O || OR” 
\ 
Pp” 
R—CH Nn” R J 
* Me wi 
| | CH HO—R’——> | ‘H 
97 / 
CH—N CH—N 
H H 
O 
a 
+H® .R’—0P—oR" 
\ 
OR” 


If this group were the hydroxy] of serine then this 
would explain the isolation of serine phosphate on 
hydrolysis of ChE or chymotrypsin inhibited with 
DFP (Schaffer, May & Summerson, 1953, 1954; 
Cohen, Oosterbaan, Warringa & Jansz, 1955). 
Davison (1955) only gives half-lives for the 


reactivation by aqueous hydrolysis at 


dimethylphosphoryl ChE and not the total re- 
activation obtained. If the dimethylphosphoryl 
enzyme undergoes the above transformation rapidly 
(Wilson, 1955b) and the process is catalysed by 
acid, then the significance of the half-life is uncertain 
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and may not give a true measure of the actual rate of 
reactivation. 

Until this discrepancy is resolved, it cannot be 
firmly established that histidine is the primary site 
of phosphorylation in the inhibition of ChE. 
Nevertheless, the kinetics of reactivation, particu- 
larly the pH dependence and storage effect, strongly 
indicate that such an initial phosphorylation does 
occur and support the other indirect evidence [e.g. 
the pH-ChE activity curve (Wilson & Bergmann, 
1950) and the photo-oxidation experiments of Weil, 
James & Buchert (1953)], that this phosphorylation 
occurs at the ring N of a histidine molecule. 


SUMMARY 


1. The reactivation by «-keto-oximes, at con- 
centrations below 0:01Mm, of cholinesterase (ChE) 
inhibited by tetraethyl pyrophosphate (TEPP) or 
isopropyl methylphosphonofluoridate (Sarin) has 
been shown to obey a second-order rate law, i.e. 
d#/dt=k[ET] [oxime]. 

2. The relative ease of reactivation of ChE 
inhibited by TEPP, diisopropyl phosphorofluoridate 
(DFP) and Sarin by various oximes and hydroxamic 
acids has been examined and compared with the 
reactivity of corresponding organophosphorus 
inhibitors 


m ~ 


Pp 
ft 
R'O Xx 


with nucleophilic reagents. Some differences have 
been interpreted in terms of a preliminary complex 
formation between the reactivator and inhibited 
enzyme. 

3. Activation energies of 11-12 keal./mole have 
been found for the reactivation by diisonitroso- 
acetone of ChE inhibited by TEPP or Sarin. 

4. A bell-shaped pH/activity curve has been 
found for the reactivation by monoisonitrosoacetone 
of ChE inhibited by TEPP. This has been inter- 
preted as due to reaction between the oxime anion 
and a protonated form of the inhibited enzyme. 

5. Inhibition by organophosphorus compounds 
has been shown to be a two-stage chemical process, 
an initial form of the inhibited enzyme being con- 
verted at a first-order rate into a second form which 
can no longer be reactivated. This reaction is 
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catalysed by acid and may be due to an initial 
phosphorylation of histidine followed by migration 
of the phosphoryl group to the hydroxyl group of 
serine. 


We are indebted to Miss June Petts for her careful and 
reliable technical assistance. 
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A Comparative Study on the Metabolism of “Ba and “Ca in Rats 
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of the University of Lund, Sweden 


(Received 27 July 1955) 


The tracer technique has made possible measure- 
ments of various processes involved in growth and 
remodelling of the skeleton, and has thus contri- 
buted to a better understanding of bone physiology 
(Bauer, Carlsson & Lindquist, 1955a). We have 
recently described a method with **P as tracer for 
calculating the accretion rate of bone salt in humans 
(Bauer, Carlsson & Lindquist, 19556). Results have 
been obtained by this method in human cases of 
rickets and osteoporosis which indicate significant 
changes from the normal rate of accretion of bone 
salt (Bauer, Carlsson & Lindquist, 1956). It seems 
probable that isotope methods can be used in 
humans, not only for basic research on skeletal 
metabolic disorders but also as diagnostic tests. 
Part of our research has been to find useful isotopes 
for this purpose. 

Theoretically, skeletal accretion and resorption 
processes can be studied by means of isotopes of 
almost any element which forms an appreciable 
part of the skeletal tissue. For obvious reasons, 


however, isotopes labelling bone salt are better 
suited for this purpose than are those which label 
the organic tissue. Not all the phosphorus outside 
the bone salt is freely exchangeable, and therefore 
32P is not suitable for calculations of the accretion 
rate in the whole skeleton. All extraskeletal calcium 
is freely exchangeable, but the commonly available 
45Ca has too long a half-life (152 days) to permit a 
widespread use of this isotope in human experi- 
ments. Carrier-free Sr is metabolized by the rat 
skeleton exactly as is *Ca (Bauer, Carlsson & 
Lindquist, 1955c) but again the half-life (2-5 years) 
is too long. Other isotopes of strontium, however, 
may prove useful in humans [e.g. ®Sr (Spencer, 
1955), half-life 65 days]. The similarity in the skeletal 
metabolism of Sr and “Ca has prompted us to 
investigate isotopes of other elements with even 
shorter half-lives. The data of Hamilton (1947) 
suggest that the metabolic behaviour of barium and 
strontium are similar and °Ba has a half-life of only 
12-8 days. 
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The present experiment demonstrates that in 
young rats !°Ba is metabolized essentially in the 


same way as calcium. This isotope may therefore 
prove a useful tool in studies of skeletal metabolism. 


MATERIALS AND METHODS 


Two-month-old rats of both sexes, which had been fed on the 
stock diet (Bauer et al. 1955c), were used. 

At about 9a.m. the animals were injected intraperi- 
toneally with 1 ml. of an isotonic saline solution containing 
about l5yc of high-specific activity “Ca and 1-5yc of 
carrier-free “°Ba. This was found to be the most suitable 
ratio of activities in the solution administered for differ- 
entiating between the two isotopes by means of absorption, 
since the radiation emitted from ™°Ba (together with its 
daughter isotope 1°La) is stronger than that from “*Ca. The 
isotopes were obtained from the Atomic Energy Establish- 
ment, Harwell, England. 

At the time of injection, the urinary bladder was emptied. 
The animals were divided into eleven groups of four animals. 
Care was taken to make the groups as similar as possible with 
respect to litter, sex, and body weight. The different groups 
of animals were killed at varying intervals ranging from 
15 min. to 48 hr. after injection. Immediately after in- 
jection, each of the animals intended to survive for 4 hr. or 
more was placed in an individual cage provided with an 
arrangement for separation of urine and faeces. Before these 
animals were killed, their bladders were emptied. After 
death the bladder of each animal was examined and in the 
few rats in which urine was still present it was added to that 
previously excreted. Urine and faeces were not collected 
from the animals allowed to survive less than 4 hr. Food was 
available from 8 hr. after injection. However, none of the 
animals of the 12 hr. group took any food, because the food 
intake of rats is mostly nocturnal. The animals allowed to 
survive more than 12 hr. appeared to consume normal 
amounts of food. 

The animals were killed by bleeding under ether anaes- 
thesia. Serum calcium was determined on serum samples 
(1-3 ml.) by the method of Clark & Collip (1925). In order to 
avoid precipitation of BaSO, (see below), the oxalate pre- 
cipitate was dissolved in 0-3N-HCl (instead of H,SO,) 
containing a small amount of MnCl, as a catalyst (Kolthoff & 
Sandell, 1945). For each animal the supernatant serum and 
the washings weie pooled, 2 ml. of n-BaCl, together with 
excess of K,CrO, were added, and the samples were centri- 
fuged. The supernatants were found to be radioactive. The 
precipitation was therefore repeated by adding 1 ml. of 
n-BaCl, to each sample. The supernatants were then free 
from activity. The precipitates were dissolved in the titratec- 
oxalate solution, 1 ml. of 10N-HCl was added, and the 
samples were diluted with distilled water to 5 ml. 

In each animal the gastro-intestinal tract together with 
the faecal collection, the ends and shafts of both right and 
left tibiae and fibulae (subsequently referred to as tibiae), 
and the four incisor teeth after removing the pulp were 
ashed in an electrically heated furnace. The urine was wet- 
ashed with HCIO, and HNO,. 

In order to re-establish equilibrium between 1°Ba and its 
daughter isotope °La (half-life 40 hr.), the samples were not 
counted until at least 12 days after the animals had keen 
killed. Counting was made on liquid samples after suitable 
dilution with HNO, (d 1-10). Each sample was counted with 
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and without an aluminium absorber, which absorbed all the 
Ca radiation and 61% of the “°Ba, °La radiation. The 
activity emanating from “Ca and ™°Ba, °La respectively 
was calculated and compared with the activity of standard 
solutions of either of the two isotopes. The values obtained 
were expressed as a percentage of the dose administered. 

For further details on the collection, pretreatment and 
counting of the samples, see Carlsson (1951). 

In one of the 16 hr. rats the isotope injection was made in 
the intestinal tract, and one of the 48 hr. rats died from a 
lesion produced by the injection needle. Results from these 
animals have been omitted. 


Calculation of results 


Calcium can be taken up by the skeleton and be removed 
again by two different mechanisms: 1, ‘ physical exchange 
reactions’ between the bone salt and the surrounding fluid; 
2, accretion (formation) and resorption (dissolution) of bone 
salt. By definition the exchange reactions are reversible 
processes and do not result in any net change in bone-salt 
mass. Accretion and resorption, on the other hand, can be 
regarded as two irreversible processes working more or less 
independently of each other at different sites. As a rule 
there is a distinct interval of time between accretion and 
resorption which is equal to the life span of the tissue 
and varies with anatomical localization in the skeleton. 
Thus in the rat skeleton this interval is short in the ends 
and long in the shafts of the long bones and in the incisor 
teeth. 

To make a valid comparison of the skeletal metabolism of 
Ca and °Ba the above-mentioned processes must be 
analysed separately. The following method of caiculation 
will therefore be applied to the observed values in this 
investigation. The principles involved are described in 
detail in Bauer ef al. (1955a). 

The amount of an isotope such as Ca present in a 
calcified tissue can be written as follows: 


5Caoy., — Cag + Ca, — “Cag, (1) 


(*Cao,.., Total amount of “Ca present in a calcified tissue: 
45Ca,, amount of #°Ca present in the exchangeable fraction 
of the bone salt; Ca, , amount of #°Ca incorporated into the 
non-exchangeable fraction of the bone salt through accre- 
tion; Cap, amount of ““Ca removed through resorption). 
Assuming that the specific activity, i.e. Ca/(4°Ca + Ca), 
of the exchangeable Ca fraction rapidly attains the same 
value as the specific activity of the plasma Ca and that these 
two specific activities can then be taken as equal, we get 


Ca, =E x S, (2) 


(£, Amount of Ca (#°Ca + 4°Ca) in the exchangeable fraction 
of the bone salt ; S, specific activity of the serum (plasma) Ca). 

Since it must be assumed that *°Ca and #°Ca are deposited 
in the bone salt in the same proportions as those simul- 
taneously occurring in the blood, we get 


4Ca,—-AxTxSy, (3) 


A, Rate of Ca accretion; 7’, interval of time between ad- 

ministration of 4*Ca and observation; Sy, average specific 

activity of serum Ca during this time interval. 
Combination of equations (1), (2) and (3) gives 


8Cayp,. =ExS+AxT xSy—*Cag. (4) 
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At sufficiently short intervals “Cap can be disregarded. 


From observations made at two different intervals, 7’, and 
T,, we then get 
Cay_ons. = E x8, +4 xT, xS,y, (4a) 
5Cas on, =H xS,+AxT, x S8,_y- (45) 
From these two equations we obtain 
Cay_ons. - A xT; x Siu Sy (5) 


45Cae_ ops. -AxT,xSey 8S; 


After A has been calculated from equation (5), Z can be 
obtained by introducing the calculated A value in equation 
(4a). 

Equation (5) can be used for calculating the accretion 
rate not only in different calcified tissues but also in the 
whole skeleton. In this calculation the whole body is 
treated in the same manner as a calcified tissue. “Cag, is 
then equal to 100 minus the percentage of dose lost via the 
kidneys and the gastro-intestinal tract, and EZ is the amount 
of Ca present in the exchangeable fraction of the bone salt 
plus the amount of Ca of the fluid phase of the body. 
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Table 1. Mean specific activities (Sy) of serum ”Ca 
and Ba during various intervals after simul- 
taneous intraperitoneal injection of the two isotopes 
to young rats 


Specific activity expressed as percentage of dose/mg. of 
Ca. Legend to Fig. 1 explains how the 7’ x Sy values of this 
table have been calculated. Sy has been obtained by 
dividing these values by the corresponding 7’. 











Interval 5Ca 110Ba, 

T ery. a mmr 
(hr.) Tx Sy Be TxSy i 
0-2 14-7 7-35 10 5-10 
0-4 19-0 4-75 a 5 2-88 
0-6 21-7 3-62 12-2 2-03 
0-8 23-8 2-97 12-8 1-60 
0-12 27-0 2-25 13-4 1-12 
0-16 29-5 1-84 13-8 0-86 
0-24 33-4 1-39 14-3 0-60 
0-48 40-5 0-84 14-9 0-31 


45C’a and “Ba activity of blood serum. The values are expressed in percentage of dose/mg. of Ca (group values 
in Table 2). @—@, *Ca; O---O, “°Ba. Inset: T x Sy =product of time (hr.) and mean specific activity of blood 


serum (% of dose/mg. of Ca)=area covered by “Ca and ™°Ba blood-serum activity curves during intervals 
0—T hours. (Measurements of these areas have been made with a planimeter on large scale paper, and checked by 
cutting out and weighing the areas enclosed by the curves.) Numerical values of 7’ x Sy are given in Table 1. 
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The °Ba results were treated in exactly the same way as 
the “Ca results. For both isotopes the blood activities were 
thus expressed as percentage of dose/mg. of Ca. This pro- 
cedure permits the various metabolic processes to be studied 
with respect to similarities or differences between the two 
elements. It should perhaps be noted that the activity/mg. 
of Ca was, on an average, practically equal to the activity/ 
10 ml. of serum, the average concentration of Ca in the 
entire material being 9-9 mg./100 ml. The standard error of 
the single observation was 0-60 mg./100 ml. 

Examples of calculations. The accretion rate (A) of the 
tibia shafts was calculated from the “*Ca results by intro- 
ducing in equation (5) the 8 and 16 hr. values of Table 3 
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Fig. 2. Excretion and overall metabolism of *°Ca. 
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(*Caop,, of the tibia shafts) and of Fig. 1 (S from the blood- 
activity curve drawn through the values of Table 2; 7’ x Sy 
from inset of Fig. 1, numerical values given in Table 1): 
1:08 - A x 23-8 0-93 
117-4 x 29-5 0-57 
The 8-24 and 8-48 hr. values give A as 0-035 and 0-031 
respectively. Practically the same value is thus obtained at 
different intervals. The mean of these three values (0-033) 
introduced in the 8hr. values of equation (4a) gives 
E=0-3 mg. of Ca. If earlier values than those at 8 hr. are 
used for the calculation of H, the criterion *Ca, =H x S isnot 
met, and results which are too low will be obtained. Ata 


; A=0-034 mg. of Ca/hr. 
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Fig. 3 


A: O, *Ca in gastro-intestinal tract plus faeces; @, **Ca in urine. 


The curves have been drawn to fit the individual values recorded. (Group values are given in Table 2.) B: for 





Fig. 3. 


explanation of symbols, see Calculation of results. “°Cao,,.: O, retention of “Ca in the whole body. These values 
have been obtained by subtracting from 100% the values of the urine and faecal curves (A) at each interval. Ca, 
and *Cag have been constructed from the A and E values of Table 4. Ca, +4Ca, is the sum of *°Ca, and “Cag in 
this graph. *Cag has been obtained by subtracting Cap,, from “Ca, +Cag. The marked scatter in the “Ca 
excretion values is of but limited importance for the validity of the retention values. The 24 hr. excretion value 
was 7%, corresponding to a retention value of 93%. A 50% deviation in the former value would give rise to a 
4%, deviation in the latter value. 


3. Excretion and overall metabolism of “°Ba. See legend of Fig. 2. Both graphs have been drawn in the same 


way as those of Fig. 2, except that 1°Ba instead of 4°Ca values have been used. 
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Mean values with their s.E.m. for “Ca and “Ba activities of the blood serum and of urinary and 


faecal excretions of young rats after simultaneous intraperitoneal injection of the two isotopes 


Interval 


Serum 


Urine 
(% dose excreted 





Faeces* 
(% dose excreted 


after (% of dose/mg. of Ca) from start of expt.) from start of expt.) 
“‘njection No. , F . 7 
(hr.) of rats 45Ca, 140Ba Ca, 140Ba 45Ca, 140Ba 
4 4 11-4 (0-955) 14-4 (0-869) + + * + 
3 4 12-6 (0-755) 7-09 (0-326) + + * t 
1 4 5-45 (0-155) 2:52 (0-054) + + + t 
2 4 2-91 (0-348) 1-01 (0-109) + + * + 
4 4 1-54 (0-125) 0-431 (0-028) 0-50 (0-23) (0-39) 6-2. (0-30) —-18-4 (1-93) 
6 4 1-24 (0-123) 0-430 (0-132) 0-66 (0-35) (0-74) 6-6 (1-10) 19-3 (1-76) 
8 4 0-93 (0-039) 0-216 (0-021) 0-90 (0-35) (0-33) 6-1 (0-93) —-19-4 (1-84) 
12 4 72 (0-041) 0-118 (0-028) 0-57 (0-211) (1-1) 5-6 (0-98) 19-9 (0-48) 
16 3 0-57 (0-063) 0-051 (0-016) 0-91 (0-48) 5 (2-0) 6-3 (1-00) 21-1 (1-19) 
24 4 0-41 (0-014) 0-060 (0-019) 0-95 (0-19) (1-9) 6-0 (1:35) 21-1 (0-34) 
48 3 0-23 (0-084) 0-143 (0-040) 0-57 (0-11) § (2-3) 7-1 (1-01) 227 (1-98) 


* Gastro-intestinal tract plus faeces collection. 
+ Not collected. 


Table 3 


Mean values and s.E.M. for “Ca and Ba activities of the incisor teeth and of the ends and shafts 


of the tibiae following simultaneous intraperitoneal injection of the two isotopes to young rats 


Interval 
after 
injection No. 
(hr.) of rats 45Ca 
} 4 0-47 (0-021) 
1 4 0-80 (0-088) 
l 4 1-09 (0-032) 
2? + 1-45 (0-077) 
4 4 1-51 (0-167) 
6 4 1-81 (0-054) 
8 4 1-85 (0-133) 
12 4 2-07 (0-079) 
16 3 2-21 (0-075) 
24 4 2-34 (0-019) 
48 3 2-47 (0-347) 





Incisor teeth* 
(% of dose) 





140Ba 
0-49 (0-026) 
0-82 (0-074) 
1-04 (0-035) 
1-05 (0-043) 
1-03 (0-106) 
1-16 (0-034) 
1-14 (0-068) 
1-33 (0-080) 
1-23 (0-085) 
1-26 (0-045) 


1-36 (0-077) 


Tibia endst 
(% of dose) 


45C'q, 
2-34 (0-133) 
3-79 (0-071) 
4-88 (0-132) 
5°52 (0-184) 
5-23 (0-332) 
5-61 (0-193) 
5-49 (0-188) 
5-44 (0-238) 
5-45 (0-192) 
5:47 (0-114) 
5-26 (0-245) 








Tibia shaftst 
(% of dose) 


10Ba 45Ca 140Ba 
2-35 (0-118) 0-47 (0-019) 0-45 (0-016) 
3-68 (0-119) 0-82 (0-037) 0-73 (0-037) 
4-57 (0-039) 0-99 (0-031) 0-90 (0-026) 
4-84 (0-119) 1-04 (0-045) 0-90 (0-047) 
4-73 (0-171) 1-08 (0-064) 0-87 (0-044) 


4-80 (0-158) 
4-83 (0-296) 
4-76 (0-088) 
4-82 (0-194) 
4-30 (0-158) 


1-08 (0-053) 
1-08 (0-039) 
1-19 (0-032) 


0-88 (0-031) 
0-86 (0-019) 
0-96 (0-040) 


3-85 (0-208) 


1-17 (0-017) 0-84 (0-059) 
1- 28 (0-074) 0-93 (0-071) 
1-35 (0-039) 0-93 (0-053) 


* The four incisor teeth in each animal (pulp removed). 
+ Ends of right and left tibiae and fibulae in each animal. 
t Shafts of right and left tibiae and fibulae in each animal. 


Table 


Accretion rate (A)* 


(mg. of Ca/hr.) 


calculated from 


Ca content Seg aati 


(mg.) 45Ca 
Whole skeleton 1000 2-4 
Tibia ends 35 0-14 
Tibia shafts 27 0-034 
Incisors 44 0-067 


* Accretion rate (A 


7 Exchangeable C 
t Roughly estimated from body weight (120 g.). 
§ This figure includes the Ca of the soft tissues of the body. 





W0Ba 
5-2 
0-34 
0-064 
0-092 


) calculated according to equation ( 


Ratio 


M0Ba/Ca 


hm rm bo bo 
Hm © Hm bo 


5) (see under Calculation of results, p. 
‘a (E) calculated by entering the A values of this table in the 8 hr. values of equation (4a). 


4. Skeletal metabolism of ®Ca and Ba in young rats 


Exchangeable Ca “en 





fm) 
calculated from 

- —__ Ratio 
Ca M0Ba 140Ba/Ca 
398 418 Ll 
2.3 2-1 0-9 
0-3 0-3 1-0 
(0-3) (0-2) — 
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longer interval, 2 x S is too small to allow any precise calcu- 
lation of EZ. The A and E values used for construction of the 
various graphs and in Table 4 have been calculated from 
values obtained from curves drawn through the respective 
observed values of Tables 2 and 3. The values of the tibia 
shafts and the incisor teeth have been calculated from the 
8-48 hr. values. The 8-48 hr. values of A for the tibia ends 


calculated from the 8-16 hr. values only. 


The results for Ba have been treated in a similar manner. 
Owing to the more rapid drop in Ba than in Ca activity in the 
blood it was possible to calculate Z and A from the 4 hr. 
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Fig. 5. Role of accretion and exchange reactions in the uptake of “°Ba in various calcified tissues. @, Single observations 








1956 


calculated from earlier intervals, e.g. 8-16 hr. This drop 
may be due to loss of activity from resorption (Cap #0). 
Therefore the end and total skeleton values of A have been 





(#4°Bao,,..). (Group values given in Table 3.) For explanation of symbols, see under Calculation of results. The curves 
have been drawn in the same way as those of Fig. 2, except that “°Ba instead of 4°Ca values have been used. 
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RESULTS 


Presentation of results. The activity values 
observed are presented in Tables 2 and 3, and in 
Figs. 1-5. The A and £ values (calculated as 
described above) are given in Table 4. These values 
have been used for construction of the theoretical 
curves for the changes of Ca, and “Ba, , “Ca, and 
MW0Ba,, ’Ca,+*Ca, and 1°Ba,+ "Ba, in time, 
drawn in Figs. 2-5. 

Blood activities. From the 0-5 hr. interval on- 
wards, the Ba activities of the serum were lower 
than the Ca activity. Consequently, Tx S,, was 
constantly lower for Ba than for Ca (Fig. 1 and 
Table 1). 

The “Ca activity values declined throughout 
the 48 hr. period studied, and the Ba values 
possibly increased somewhat after the 16 hr. 
interval (Table 2), which might be explained by a 
liberation of °Ba from the bones owing to bone 
resorption. 

Excretion. About 7% of the injected “°Ba was 
recovered from the urine during the first 24 hr. after 
injection, compared with 0-9 % of the injected *Ca 
(Figs. 2, 3). A similar difference in faecal excretion 
was observed, the 24 hr. values being about 20 and 
6%, for Ba and Ca respectively. 

As the activity/mg. of Ca in the serum was lower 
for Ba than for “Ca, it is evident that the clearance 
of °Ba was higher than that of Ca both in the 
kidneys and, to a lesser degree, in the digestive 
tract, both of which are thus able to distinguish 
between the two elements. 

Retention. As a consequence of the higher 
excretion of 4°Ba, the retention of this isotope in the 
whole body (Figs. 2, 3) and in the calcified tissues 
(Figs. 4, 5, Table 3) was lower than that of *Ca. 

Accretion rate. The value for the accretion rate 
(A) in the tibia ends was 2-4 times higher when 
calculated from the °Ba results, compared with the 
%Ca results (Table 4). For the tibia shafts this 
factor was 1-9, and for the incisors it was 1-4. It 
would thus seem that '°Ba was, incorporated 
relatively faster in the less compact areas of the 
skeleton. In the whole skeleton this factor was 2-2, 
i.e. in this respect the whole tibiae were represen- 
tative of the whole skeleton. 

Exchange reactions. Practically the same values 
for the size of the exchangeable fraction (Z) of Ca 
were obtained from the Ba and “Ca data in the 
whole body as well as in the calcified tissues. In the 
incisors the exchangeable fraction is too small to be 
estimated with any great accuracy. 

Bone resorption. After computing A and E the 
curves for *Ca,, “Ca,, and “Ca, were drawn 
(Figs. 2, 4). The corresponding curves for °Ba are 
given in Figs. 3 and 5. 1°Ba is transferred more 
rapidly than “Ca from the exchangeable to the non- 
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exchangeable fraction of the bone salt. The values 
for “Ca, (“Ca, + Ca, —*Cao,,) and for Ba, are 
small even at the end of this short-term study and 
may hardly be significant in the present material. 
In the tibiae shafts and in the incisors it is un- 
detectable. At longer intervals the influence of bone 
resorption is easily detectable (Bauer et al. 1955a). 


DISCUSSION 


The present investigation demonstrates that !°Ba is 
irreversibly deposited in the skeleton. The clearance 
of 1°Ba from the plasma by skeletal accretion is 
about twice that of “Ca, but removal by reversible 
exchange reactions is about the same for the two 
isotopes. 

It therefore seems worth trying !“°Ba as a tool for 
studying skeletal metabolism in humans. It is true 
that “Ba and “Ca are not dealt with by the skeleton 
in an identical manner. However, the behaviour of 
the two isotopes is qualitatively similar, and there is 
little reason to doubt that skeletal disturbances 
would result in altered !°Ba, as well as “Ca, meta- 
bolism. The suitable half-life and low cost of “°Ba 
may well prove to outweigh its disadvantages. 


SUMMARY 


1. Inacomparative metabolic study of °Ba and 
Ca, the two isotopes were given simultaneously to 
young rats by intraperitoneal injection. 

2. The plasma activity (as a percentage of dose 
given) was lower for °Ba than for *Ca. 

3. For °Ba the urinary and faecal excretions in 
24 hr. were about 7 and 20% respectively, and for 
Ca were 0-9 and 6 % respectively. 

4. Theclearance of !“°Ba from the plasma through 
skeletal accretion was about twice that of *Ca. 

5. The clearance from the plasma through 
reversible exchange reactions was the same for the 
two isotopes. 

6. Since there was no fundamental difference in 
the metabolism of the two isotopes, and the half-life 
of 4°Ba is only 12-8 days, this isotope should be 
suitable for use as an indicator of skeletal meta- 
bolism in humans. 
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Colorimetric Estimation of Ketopentoses and Ketohexoses 


By R. G. KULKA 
Department of Biochemistry, Medical School, University of Otago, New Zealand 


(Received 6 October 1955) 


The introduction of the cysteine—carbazole reaction 
by Dische & Borenfreund (1951) has greatly simpli- 
fied the estimation of ketopentoses in the presence of 
aldopentoses. In this reaction ketopentoses give 
a purplish-red colour (A,,,,. 540 my.) with little 
interference from aldopentoses; but a disadvantage 
of the method is that ketohexoses (),,,, 560 my.) 
interfere with the estimation of ketopentoses. 

Cohen (1953) and Dische (1951), using respectively 
the techniques of Roe (1934) and of Roe, Epstein & 
Goldstein (1949), have reported that ketopentoses 
give a green colour in the resorcinol reaction. The 
absorption spectrum of the green colour developed 
with both these methods appears to be unsuitable 
for the estimation of ketopentose in the presence of 
ketohexose. Using the resorcinol method of Cole 
(see Bacon & Bell, 1948), McCorkindale & Edson 
(1954) also noticed that ketopentoses gave a green 
colour (A,,,,, 640 mp.), whereas ketohexoses gave 
a red colour (A,,,,. 480 and 415 my.). 

Since these differences seemed to afford a basis for 
the estimation of ketopentoses and ketohexoses in 
the same solution, the conditions of the resorcinol 
reaction have been investigated and a satisfactory 
quantitative method has been developed. 


MATERIALS AND METHODS 


p-Xylulose was prepared according to Levene & Tipson 
(1936). The monoacetone xylulose obtained (m.p. 68°) was 
shown to be free from other sugar derivatives by paper 
chromatography with ethyl acetate—acetic acid—formic 
acid—water (18:3:1:4, by vol.) as the mobile phase (Hough 
& Jones, 1953) and m-phenylenediamine dihydrochloride 
(Chargaff, Levine & Green, 1948) as spray reagent. Hydro- 
lysis of the monoacetone derivative yielded xylulose as a 
colourless syrup, [«]?? +34-8--0-6° in water (c, 2-42). No 
aldose could be detected in the free sugar by paper chro- 
matography with ethyl acetate—pyridine—water (Isherwood 
& Jermyn, 1951) as the mobile phase and aniline hydrogen 
phthalate (Partridge, 1949) as the spray. All solutions of 


xylulose were standardized with periodate (Salo, 1953). 
After storage for about 2 months at 4° a solution of xylulose 
gave approximately 5% less colour than a portion of the 
same solution stored at — 35°. 

p-Tagatose (a gift from Mr D. R. D. Shaw) was prepared 
according to Reichstein & Bosshard (1934) and had m.p. 130° 
[x] }? — 2-9-.0-3° in water (c, 5-03). Paper chromatography 
showed the absence of aldose. 

p-Fructose, L-sorbose and dihydroxyacetone were 
obtained from Pfanstiehl Chemical Co., U.S.A. and manno- 
heptulose from General Biochemicals, Inc., U.S.A. Per- 
seulose hemihydrate was a gift from Dr N. K. Richtmyer. 
A solution of L-ribulose was prepared by oxidation of 
ribitol with an enzyme preparation made from Acetobacter 
suboxydans (Arcus & Edson, 1954). 

Ketose reagent. This was a modification of Cole’s (Bacon & 
Bell, 1948) reagent, and consisted of two solutions: A, 
resorcinol, 0-05% (w/v) in absolute ethanol and B, HCl 
(sp.gr. 1-18) containing FeNH,(SO,),,12H,O, 0-216 g./l. 
This reagent was used in all experiments unless stated 
otherwise. 

General procedure for ketose estimation. A solution 
(2 ml.) containing 5-50yg. of ketose/ml. is placed in a 
12 mm. x 125 mm. test tube. To this are added 3 ml. of 
solution A, followed by 3 ml. of solution B. The contents of 
the tubes are mixed thoroughly and the tubes, covered with 
glass marbles, are immersed in a water bath at 80°-+3° for 
40 min. (60 min. for sorbose). A reagent blank containing 
2 ml. of water instead of ketose solution is included with 
each batch of tubes. Unknown solutions are compared with 
standards, extinctions being measured at specific wave- 
lengths in a Beckman quartz spectrophotometer Model 
D.U., Corex cells with a 1 em. light-path being used. 

When ketohexose alone. is being estimated, tubes are 
placed in the bath simultaneously and cooled together in 
ice water at the end of the heating period. The extinction at 
480 mu. is stable for more than Shr. If ketopentose is 
present, tubes are placed in the bath in groups of three at 
10 min. intervals, removed after 40 min. and cooled in ice 
water for 2min. Extinctions at 640 my. are measured 
5 min. after removal of the tubes from the bath by reading 
against the reagent blank heated with the first three tubes. 
This procedure avoids error due to the instability of the 
ketopentose colour. 











se 


he 


zt 
° 


a2eare & 


Oo co 





Vol. 63 


RESULTS 


Investigation of the resorcinol reaction under the 
conditions of Cole 


When the fructose colour reaction was carried out 
under the conditions of Cole (Bacon & Bell, 1948), 
the red colour produced after heating the tubes 
for 30 min. at 75° had a two-banded absorption 
spectrum with one maximum at 480 my. and a 
lower maximum at 415 mu. (ef. Roe et al. 1949). 
Small fluctuations in heating time and temperature 
caused considerable differences in Hyg ,,,,-_ When 
the temperature was raised to 80°, Hyg ,,,. reached 
a constant value after 35 min., although E4,,,,,,. 
continued to increase. Values obtained by measuring 
E490 m,. after heating for 40 min. at 80° were re- 
producible. Under the latter conditions Ey, ,,,, was 
greater than E4go,,,,, but, as it was markedly affected 
by small differences in heating conditions, it was 
less suitable for the measurement of fructose con- 
centration. 

Investigation of the green colour (A,,,,. 640 my.) 
produced when xylulose was heated with Cole’s 
reagents under these conditions revealed three 
serious disadvantages as far as the estimation of 
xylulose is concerned. The extinction produced by 
xylulose at 640 my. is only one-fifth of that pro- 
duced by an equal concentration of fructose at 
480 myu.; solutions of xylulose deviate markedly 
from Beer’s law in the 640 my. region; and the 
E450 »,,. Of xylulose is considerable (one-tenth of that 
of an equal concentration of fructose). It seemed 
desirable to find conditions more favourable for the 
estimation of ketopentoses. 

On treatment with Cole’s reagents, monoacetone 
xylulose gave a colour which was identical with 
that due to xylulose. As monoacetone xylulose is 
crystalline and stable, offering a convenient way of 
preparing xylulose-containing solutions, it was used 
for determination of the optimum conditions for the 
development of the green colour. When, however, 
free xylulose was tested with reagents giving 
optimum colour with the monoacetone derivative, 
the intensity of the colour given by the former 
compound, expressed as Egyo,,,,., Was 1-15 times as 
great as that given by an equivalent concentration 
of the latter. Since the reagents giving optimum 
colour with the monoacetone derivative proved to 
be satisfactory for the estimation of xylulose, the 
optimum conditions for the latter were not deter- 
mined. 


Optimum conditions for xylulose estimation 


Concentration of Fe?+. Table 1 shows the effect of 
increasing ferric-ion concentration on the intensity 
of colour obtained with a solution of monoacetone 
xylulose. The ferric ammonium sulphate used in the 
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modified Cole’s reagent gives approximately the 
same ferric-ion concentration (25 mg./I.) as 75 mg. 
of FeCl, /1. 

Concentration of resorcinol. Maximum colour was 
obtained when the resorcinol concentration was 
between 0-05 and 0-025 % (Table 2). The extinctions 
were consistently lower when the same experiment 
was carried out with hydrochloric acid containing 
7-5 mg. of ferric chloride/l. (the concentration in 
Cole’s reagent). The intensity of the colour developed 
with fructose was not markedly decreased until the 
resorcinol concentration was lowered to 0-025 %. 


Behaviour of sugars with the modified ketose reagent 


Xylulose. The absorption spectrum of the 
characteristic green xylulose reaction product is 
shown in Fig. 1. The time course of colour formation 
is illustrated in Fig. 2. Although the Ego ,,,, was 
only 95% maximal after heating for 40 min., 
results with this heating period were consistently 
reproducible. Beer’s law is obeyed at 480 mp. but 
not at 640 mu. (Fig. 3). The deviation from Beer’s 
law is, however, much less marked than with 
Cole’s reagents, and if unknown solutions are com- 
pared with standards of similar strength, little error 
will be introduced by assuming Beer’s law to be 
obeyed over a small concentration range. If greater 
accuracy is desired a series of standards may be 


Table 1. Effect of ferric-ion concentration on 
intensity of xylulose colour reaction 


Tubes containing 2 ml. of monoacetone xylulose solution 
(30 wg./ml.), 3 ml. of resorcinol 0-15% (w/v) in absolute 
ethanol and 3 ml. of cone. HCl containing FeCl,, as 
indicated, were heated for 40 min. at 80°. Each tube was 
read against a reagent blank of the same reagent. 


Ferric chloride 


(mg./l.) 108 E10 my. 10% E 489 my. 
7-5 109 57 
37-5 147 71 
75 158 95 
150 160 105 


Table 2. Effect of resorcinol concentration on 
intensity of xylulose colour reaction 


Tubes containing 2 ml. of monoacetone xylulose solution 
(15 yg./ml.), 3ml. of ethanol containing resorcinol as 
indicated and 3 ml. of cone. HCl containing 75 mg. of 
FeCl,/l. were heated for 40 min. at 80°. Each tube was 
read against a reagent blank of the same reagent. 


Resorcinol 

(%> w/v) 10 Eso my. 108 E 459 my. 
0-01 112 50 
0-025 127 56 
0-05 125 55 
0-10 102 55 
0-25 40 38 
0-50 13 17 
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heated with the unknown and used to construct 
a standard curve. Extinction values obtained with 
the same batch of reagents showed remarkable 
consistency, but differed by as much as 20% from 
extinction values obtained with reagents prepared 
at a different time. These inconsistencies were traced 
to variations in the quality of the absolute ethanol 
used. 

Ribulose. A green colour was produced having an 
absorption maximum at 640 my. and an absorption 
curve similar to that of xylulose. MceCorkindale 
(1952) states that ribulose gives approximately the 
same intensity of colour as xylulose. 
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Fig. 1. Absorption spectra of the reaction products formed 
after heating with the modified ketose reagent for 40 min. 
at 80°. @, Fructose (25 yg./ml.); O, xylulose (24 ug./ml.); 

x, perseulose hemihydrate (26-6 yg./ml.). 
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Fig. 2. Change in extinction with heating time of ketose 
solutions heated with the modified ketose reagent at 80°. 
Tubes were set up in pairs, one tube containing ketose 
solution and reagents and the other being a reagent blank. 
Pairs of tubes were removed from the bath after the 
times indicated and cooled in ice water; the extinction at 
480 mu. of the ketose reaction product was read against 
the reagent blank. @, Fructose (25 yg./ml.); @, tagatose 
(25 pg./ml.); O, sorbose (25yg./ml.); A, xylulose 
(24yug./ml.); x, Egso my. for xylulose. 
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Fructose. The spectral characteristics of the 
fructose reaction product (Fig. 1) are essentially the 
same as were obtained with Cole’s reagents under 
the same conditions of heating. As with Cole’s 
reagents E4so ,,,,, WaS more satisfactory than L4,,; my. 
as a measure of fructose concentration. The time 
course of colour development is shown in Fig. 2. 
Beer’s law is obeyed within a concentration range of 
0-60 ng./ml. (Fig. 4). Inulin gives a colour the 
intensity of which is 93% of that given by an 
equivalent concentration of fructose, but its 
behaviour is in other respects identical. 

Sorbose and tagatose. The absorption spectra of 
the red colours developed are similar to that of 
fructose, the values of E459 ,,,,. for sorbose and taga- 
tose being respectively 73 and 83 % of that given by 
an equal concentration of fructose under the same 
conditions of heating. With a 40 min. heating period 
the sorbose colour obeys Beer’s law within a concen- 
tration range of 0-30 yg./ml., but this range can be 
increased to 0-100 pg./ml. (Fig. 4) by heating for 
60 min. (Fig. 2). The tagatose colour obeys Beer’s 
law within a concentration range of 0-60 yg./ml. 
(Fig. 4). 

Perseulose and mannoheptulose. It was observed 
in this Laboratory (McCorkindale & Edson, 1954) 
that when ketoheptoses are heated with Cole’s 
reagents a purple-red colour is developed. With 
Cole’s and the modified reagent the purple-red 
colour was transient and insensitive as a test for 
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Fig. 3. Change in extinction with concentration of xylulose. 
Solutions were treated with the modified ketose reagent 
according to the standard procedure. @, E649 my.3 O: 
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ketoheptose. After heating for 10 min. the colour 
became brown-red and then brown. The absorption 
spectrum of the perseulose reaction product after 
heating for 40 min. (Fig. 1) has maxima at 440 and 
615 mp. The reaction product of mannoheptulose 
has absorption maxima at 430 and 615 my.; but the 
ratio of the absorption at 430 muy. to the absorption 
at 615 my. is much higher than in the case of 
perseulose. Beer’s law is obeyed by both com- 
pounds within a concentration range of 0-100 yg./ 
ml. (Fig. 4). 

The presence of ketoheptose interferes consider- 
ably with the estimation of both ketohexose and 
ketopentose. The values of Eygo,,,, ANA Logo n,,.5 
determined with a mixture of approximately equal 
concentrations of xylulose and perseulose, were 
equal to the sum of the extinctions at the respective 
wavelengths observed with the two sugars separ- 
ately. The values of Eso ,,,, for fructose and per- 
seulose were similarly additive. If the concentration 
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Fig. 4. Change in extinction with concentration of ketose. 

Solutions were treated with the modified ketose reagent 
according to the standard procedure. The heating time 
was 40 min., except for sorbose (60 min.). @, E49 my. 
fructose; O, E4go my. tagatose; 0, E4go mp. Sorbose; x, 
E449 mp, perseulose hemihydrate ; A, E’439 m,, Mannoheptu- 
lose. Broken lines represent straight lines required by 
Beer’s law. 
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of ketoheptose can be determined independently, 
appropriate corrections may be applied. 

Dihydroxyacetone. This gives a pink colour 
(Amax, 520 my.), which interferes slightly with the 
estimation of fructose (8% error due to a twofold 
excess). Values for xylulose tend to be low if di- 
hydroxyacetone is present. 

Other sugars. Glucose, galactose and lactose 
produce approximately 1% of the colour of an 
equal concentration of fructose. They do not inter- 
fere measurably with the estimation of keto- 
pentoses. 

Aldopentoses give a green colour. The intensities 
of absorption at 640 my. for arabinose, xylose and 
ribose respectively are 0-8, 2:3 and 3-4% of that 
due to an equal concentration of xylulose; at 
480 my. the intensities are 0-3, 0-9 and 1:4% 
respectively of that due to an equal concentration of 
fructose. 

Sorbitol, mannitol and gluconic acid give no 
appreciable colour. 


Stability of colour 


The extinction at 480 mu. of the fructose reaction 
product remained unaltered after standing for 5 hr. 
at room temperature in dim light. The value of 
E40 m,. for the xylulose reaction product, on the 
other hand, decreased after 0-5 hr. to 97%, after 
lhr. to 95% and after 5hr. to 86% of its initial 
value. 

Accuracy of the method 


An analysis of the results obtained when twenty 
tubes containing equal amounts of ketose were 
treated at the same time is shown in Table 3. 


Estimation of fructose and «ylulose 
in a binary mixture 


The protocol of an experiment showing recoveries 
of fructose and xylulose in presence of each other is 
given in Table 4. The value of Eg4o,,,, was taken to 
be due only to xylulose. By comparison with a 
standard xylulose solution of similar strength the 
concentration of xylulose in the unknown and its 
contribution to Eygo,,,,, could be calculated. Sub- 
traction gave the E40 ,,,,, due to fructose. 

A more rapid method for finding both the xylulose 
concentration and its contribution to E4g9 ,,,,, a8 well 
as the concentration of fructose, is to use standard 
extinction—concentration curves (Figs. 3, 4); 
particular care must be taken to ensure uniformity 
of the reagents and conditions of reaction. In view 
of the inconsistencies observed in the intensity of 
the colour given by xylulose with different batches of 
reagents, new standard curves should be constructed 
for each batch of reagents. 

Accurate estimation of xylulose without correc- 
tion of E, is possible only if there is less than 
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Table 3. Error of estimations with the modified ketose reagent 


Solutions of fructose (25 wg./ml.) and of xylulose (16 pg./ml.) were treated with ketose reagent according to the standard 
procedure. For each ketose 20 tubes were heated at the same time. 
Xylulose 





Fructose a A ‘ 
E40 my. Eso my E489 my. 
Mean extinction 0-444 0-245 0-099 
Range of extinctions 0-434—0-454 0-237-0-250 0-091-0-106 
SE. + 0-0045 +0-0031 +0-0043 
Percentage error +1-0 +1:3 +43 


Table 4. Estimation of fructose and xylulose in a binary mixture 


Tubes containing 2 ml. of ketose solution were treated with the ketose reagents according to the standard procedure. 
Ketose concentrations were calculated as described in the text with standards (Std.) whose extinctions are included in the 


table for comparison. 





Xylulose Xylulose Fructose Fructose 
Xylulose Fructose found recovered found recovered 
(ug. ‘ml.) (ug./ml.) 108 Egao my. 10° E 459 mu. (ug./ml.) (%) (ug./ml.) (%) 
8 0 126 48 Std. (100) — — 
16 0 241 100 Std. (100) — — 
32 0 455 195 Std. (100) -- _ 
0 5 3 46 -= _- Std. (100) 
8 5 128 93 8-1 101-5 4-8 96 
16 5 244 143 16-2 101 4-7 94 
32 5 455 245 32-0 100 5-4 108 
0 25 16 441 _ -- Std. (100) 
8 25 136 498 8-6 108 253 101 
16 25 246 535 16-3 102 24-7 99 
32 25 451 621 31-7 99 24-2 97 
0 50 48 875 _- Std. (100) 
8 50 155 922 9-8 123 49-5 99 
16 50 266 975 17-6 110 49-6 99 
32 50 468 1057 32-8 103 49-0 98 


twice as much fructose present. 
fructose to xylulose is greater than 2:1, empirical 
corrections must be determined. 


Recoveries of ketoses added to blood 


Fresh oxalated human blood to which NaF had 


been added was used. The Somogyi (1945) method of 


deproteinization was satisfactory for the estimation 
of fructose but recoveries of xylulose were only 70- 
2() 0. 

sO o- 
obtained when metaphosphoric acid was used as 


Satisfactory recoveries of both sugars were 


deproteinizing reagent (Table 5). Recoveries would 
tend to be low if the original concentration of 
ketopentose in undiluted blood was less than 100 yg./ 
ml. When metaphosphoric acid is used the ‘apparent 
fructose concentration’ of normal blood, based on 
the measurement of E49 ,,,,, is about twice that 
found with the Somogyi reagents, and may prob- 
ably be ascribed, at least in part, to non-ketose 
filtrate. In determining the 
recoveries of xylulose the small value of Z 


materials in the 


640 mp. 
(0-006) observed with normal blood was ignored. 


If the ratio of 


Table 5. Recoveries of ketoses from blood with 
metaphosphoric acid as deproteinizing agent 


Blood (1 ml.) was laked in 8 ml. of water containing the 
ketose and 1 ml. of freshly prepared 7% (w/v) metaphos- 
phoriec acid was added with shaking. The precipitated 
proteins were removed by filtration. Ketoses were esti- 
mated by the standard procedure (see Methods) with a 
distilled-water reagent blank. The ketose added is ex- 
pressed in terms of undiluted blood. 

Ketose recovered 


Ketose added Ketose found 


(yg./ml.) (ug./ml.) (%) 
Fructose 
0 32 _- 
50 85 106 
100 129 97 
250 282 100 
500 529 99-5 
1000 1047 101-5 
Xylulose 
40 36 90 
80 73 91-5 
240 236 98-5 
600 596 99 
1200 1207 100-5 
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This extinction, being non-additive with respect to 
the ketopentose extinction, is apparently due to 
substances other than ketopentose. 


Estimation of ketoses in urine 


The method has not been applied successfully to 
the estimation of fructose in urine owing to the high 
concentration of interfering substances normally 
present. The value of Ego, for normal urine 
treated with the ketose reagents is of the order of 
0-3. The acid-washed activated charcoal method 
(Roe, 1934) was only partially effective in removing 
interfering substances, and recoveries of fructose 
from urine treated in this manner were low. As 
normal urine gave with the ketose reagents an 
E610 m4. Value of the order of 0-03, recoveries of 
xylulose from untreated urine were not attempted. 
Recoveries of xylulose from urine after treatment by 
the acid-washed charcoal method were low. 


DISCUSSION 


As a means of estimating fructose the procedure 
described above compares favourably with methods 
in current use. Under the new conditions of heating 
Cole’s reagent and the modified reagent have the 
same sensitivity, which is about 1-2 times that of 
Cole’s original procedure (Bacon & Bell, 1948). The 
sensitivity of the colour reaction is greater than that 
of the resorcinol reaction of Roe et al. (1949), 
approximately equal to that of the diphenylamine 
method of Rolf, Surtshin & White (1949) and is 
exceeded only by that of the cysteine—carbazole 
reaction (Dische & Borenfreund, 1951). The inter- 
ference due to glucuse in presence of an equal con- 
centration of fructose causes an error of 1%. Errors 
due to glucose interference given by other authors 
are approximately 0-7% (Dische & Borenfreund, 
1951), 0-6% (Roe, 1934) and 0-05% (Roe et al. 
1949). The last value has been questioned by Rolf 
et al. (1949), who found with the same technique 
an error of about 2%. These workers describe 
a diphenylamine reaction in which’ glucose gives 
about 1-5 % of the colour of an equa! concentration 
of fructose. Pogell (1954) describes a method of 
estimating fructose by the skatole reaction, in 
which glucose interference is less than 0-05 %, but 
this has the disadvantage of being much less 
sensitive than the other methods mentioned above. 

The present method allows accurate estimation of 
fructose in the presence of ketopentose. Dische 
(1951) reports interference due to ketopentose in the 
resorcinol (Roe et al. 1949) and diphenylamine 
(Dische, 1929) reactions to be 33 and 9% respec- 
tively in the presence of the same concentration of 
fructose. In the present work it was found that very 
little colour was produced by xylulose when the 
usual 0-05°% ethanolic resorcinol solution was 
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replaced by one containing 1-0%, and the colour 
produced by fructose remained almost unchanged. 
This observation suggests a method of estimating 
fructose in the presence of ketopentose which 
eliminates the necessity of correcting for the 
latter. 

As a means of estimating ketopentose the 
cysteine—carbazole reaction (Dische & Borenfreund, 
1951) has, in the absence of other ketoses, some 
advantages over the method described in this paper. 
The colour development, which does not necessitate 
heating, is rapid, reaching a stable maximum in- 
tensity with ribulose after 15 min. The reaction is 
about 1-6 times as sensitive as the present method, 
and Beer’s law is obeyed for ribulose within a con- 
centration range of 1-40 yg./ml. (Cohen, 1953). The 
interference due to arabinose is about twice that 
observed with the present method. The cysteine— 
carbazole reaction cannot, however, be applied to 
the estimation of ketopentose in the presence of 
ketohexose and estimations in the presence of 
triose are complicated. By the present method 
ketopentose can be estimated in the presence of a 
twofold excess of either fructose or dihydroxy- 
acetone. Interference due to ketoheptose is of a 
similar order of magnitude to that in the cysteine— 
carbazole reaction (Glock, 1952), but may be 
corrected for if the concentration of ketoheptose is 
known. The failure of ketopentese to obey Beer’s 
law in the present method did not cause any great 
practical difficulties. The extent of deviation from 
Beer’s law was consistent and reproducible for any 
given batch of reagents. Increase in the ferric-ion 
concentration beyond the recommended amount 
improved the Beer’s-law range for xylulose, but the 
interference due to fructose at 640 my. was simul- 
taneously increased. 


SUMMARY 


1. A modification of the resorcinol reaction is 
described which is suitable for the estimation of 
ketopentoses and ketohexoses in binary mixtures 
provided that there is less than a twofold excess of 
one ketose over the other. 

2. The characteristics of the colours given with 
the new reagent by fructose, sorbose, tagatose, 
xylulose, perseulose and mannoheptulose are 
described. 

3. The interference due to aldoses is small. 
Ketoheptoses interfere appreciably with the esti- 
mation of ketohexoses and ketopentoses. 

4. Satisfactory recoveries of ketoses added to 
blood have been obtained by this method. 


The author is grateful to Professor N. L. Edson for his 
constant advice and encouragement throughout this 
work. 
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Purification of the isoCitric Enzyme (Triphosphopyridine Nucleotide- 
linked isoCitric Dehydrogenase—Oxalosuccinic Carboxylase) 
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(Received 9 December 1955) 


Oxidative decarboxylation of D-csocitric acid in 
animal tissues occurs chiefly through the mediation 
of triphosphopyridine nucleotide (TPN)-linked 
isocitric dehydrogenase, which catalyses the oxida- 
tion of D-isocitric acid, and oxalosuccinic carboxyl- 
ase, which catalyses the decarboxylation of oxalo- 
succinic acid (Martius, 1937; Adler, Euler, Giinther 
& Plass, 1939; Ochoa & Weisz-Tabori, 1945; Lynen 
& Scherer, 1948). 
p-isoCitrate + oxidized TPN = oxalosuccinate 
Mn?+ +reduced TPN 


Oxalosuccinate = «-oxoglutarate + CO,. 
Interest in the purification of zsocitrie dehydro- 
genase and oxalosuccinic carboxylase has largely 
centred about the question of whether they are two 
distinct enzymes, or whether one enzyme catalyses 
both reactions. The two enzymes have now been 
obtained in a highly purified state, as reported 
briefly in a preliminary note (Moyle & Dixon, 1955), 
and shown to be a single protein, the ‘ésocitric 
enzyme. The details of the method of purification 
are described in this paper. 


EXPERIMENTAL 
Materials 
isoCitrate. Sodium DL-isocitrate was obtained by hydro- 
lysis of DL-isocitric acid lactone in N-NaOH at 60° for 20 min. 


The solution was cooled, and brought to pH 7 with n-HCl. 


* Present address: Department of Zoology, University of 
Edinburgh. 


Triphosphopyridine nucleotide. TPN used was the com- 
mercial preparation of the Sigma Chemical Co. It was 80% 
pure as determined spectrophotometrically. 

Oxalosuccinate. Potassium triethyloxalosuccinic ester 
was prepared by the method of Wislecenus & Waldmiiller 
(1911). It was converted into the free ester by the method of 
Neuberg & Ringer (1915), and then into barium oxalo- 
succinate by the method of Ochoa (1948). The purity of the 
preparation, tested by the aniline citrate method (Edson, 
1935), was 66%. Sodium oxalosuccinate was obtained by 
decomposition of the stable barium salt with N-H,SO, at 0°, 
removal of BaSO, by centrifuging, followed by neutraliza- 
tion to pH 6 with n-NaOH. The solution was used im- 
mediately. 

Calcium phosphate gel. This was prepared essentially as 
described by Keilin & Hartree (1951). 


Methods 


isoCitric-dehydrogenase activity. Reduction of TPN was 
measured in the Beckman model DU spectrophotometer by 
following the increase in optical density at 340 mp. The 
reaction was carried out in cuvettes of 1 em. light path, held 
at 24° in a temperature-controlled unit designed by Dixon 
(1954). The reaction mixture [similar to that of Graffin & 
Ochoa (1950) ] contained 0-7 ml. of 0-05M aminotrishydroxy- 
methylmethane chloride (tris buffer) pH 7-3, 0-2 ml. of 
0-02M-MnCl,, 0-1 ml. of 0-0013mM TPN, 0-1 ml. of enzyme, 
1-9 ml. of water. Determinations of optical density were 
made at 30sec. intervals after the addition of 0-1 ml. of 
0-00525 Mm sodium DL-isocitrate. The amount of enzyme was 
adjusted so that the initial rate of reduction of TPN was 
linear with time and proportional to enzyme concentration. 
A dehydrogenase unit was defined as the amount of enzyme 
causing an increase in optical density of 0-01 in 1 min. 
under these conditions. 
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Oxalosuccinic-carboxylase activity. Production of CO, was 
measured in Warburg manometers at 18°, essentially as 
described by Ochoa & Weisz-Tabori (1945, 19484, b). The 
reaction mixture contained 0-5 ml. of 0-1m sodium citrate 
buffer pH 5-6, 0-2 ml. of 0-02M-MnCl,, 0-3 ml. of m-KCl, 
0-5 ml. of enzyme, 1-1 ml. of water, with 0-4 ml. of 0-042m 
sodium oxalosuccinate added from the side bulb. The 
spontaneous production of CO, from oxalosuccinate was 
determined simultaneously so that a value for enzymic 
decarboxylation alone could be obtained by difference. 
Under these conditions the rate of enzymic production of 
CO, was linear with time and proportional to enzyme con- 
centration. The rate of spontaneous production of CO, was 
about 30% that of the overall production. A carboxylase 
unit was defined as the amount of enzyme required to 
produce 1 pl. of CO,/5 min. 

Protein content. Protein was estimated by optical density 
at 280 mu., by the use ofa conversion factor from Warburg & 
Christian (1941-42) as was used by Grafflin & Ochoa (1950) 
in their partial purification of this enzyme: Dogo/2-06 = mg. 
of protein/ml. The correct conversion factor for purified 
isocitric enzyme is discussed in a later paper (Moyle, 1956). 
This method was used, although it is somewhat inaccurate, 
to obtain rapid, comparative estimates of protein content. 

The specific activity of any fraction during purification 
was defined as the number of units of activity/mg. of pro- 
tein. The specific activity of isocitric dehydrogenase is 
written SAp, and that of oxalosuccinic carboxylase SAg. 

Sedimentation and diffusion. The Spinco model E ultra- 
centrifuge was used for all determinations, sedimentation 
being carried out at approx. 20° in 0-05m tris buffer (pH 7-3) 
at 56100 rev./min. Samples were dialysed against the 
buffer for 1 hr. at 0° before sedimentation. 

Electrophoresis. (a) A Perkin-Elmer Tiselius apparatus 
was used for electrophoretic analysis. The material was 
dialysed for 24 hr. at 0° against buffer before analysis at 4°. 
Some difficulty was encountered because the enzyme became 
partly inactivated by prolonged dialysis, and eventually 
precipitation occurred. This inactivation is discussed in 
greater detail by Moyle (1956). 

(b) The fractionating cell of Crook, El-Marsafy, Shooter & 
Ward (1954) was used with a Hilger Tiselius apparatus for 
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further fractionation of the purified enzyme. Electro- 
phoretic separation was continued for 5 hr. at 4° in 0-05m 
tris buffer (pH 7-3), before the fractions were collected as 
advised by Crook et al. (1954). 


Purification of enzyme 


The initial stages in the purification of isocitric dehydro- 
genase and oxalosuccinic carboxylase were similar to those 
in the method used by Grafflin & Ochoa (1950). An acetone- 
dried powder of twelve pig hearts was prepared according to 
the method of Straub (1942). 

Stage 1. The acetone-dried powder weighing 350 g. (dry) 
was ground in a mortar with the slow addition of 2-51. of 
0-15mM-NaCl containing 0-05m phosphate buffer (pH 7-3). 
The suspension was allowed to stand at room temperature 
for 1 hr. with constant stirring, and then the supernatant 
was pressed out through a cloth. The powder was extracted 
a second time with a similar volume of NaCl-phosphate 
solution, and again the supernatant was pressed out through 
a cloth. 

Stage 2. Both supernatants were brought to approx. 
66 % saturation with ammonium sulphate by the addition of 
2 vol. ofa saturated solution of (NH,),SO,, and left for 15 hr. 
at 0°. Filtration was then carried out through Whatman 
no. 14 fluted-filter papers under gravity at 0°. The precipi- 
tate was pressed between pads of Whatman no. | filter paper 
to remove excess moisture and then suspended in 150 ml. of 
0-05 tris buffer (pH 7-3). The clear supernatant obtained 
after centrifuging the resulting suspension was withdrawn. 
The precipitate was extracted with a further 100 ml. of the 
buffer and a second clear supernatant obtained on centri- 
fuging. 

Stage 3. The clear supernatants were combined and 
fractionated by precipitation with (NH,),SO, at 0°. It was 
found that addition of solid (NH,),SO, caused a loss of 30% 
of the enzymic activity, but addition of a saturated solution 
of (NH,),SO, resulted in no loss of activity. Saturated 
solutions of (NH,),SO, were therefore used to obtain the 
percentage saturation required, and the precipitates were 
collected by centrifuging. The fraction precipitated between 
15 and 66% saturation contained most of the enzymic 


Table 1. Purification of isocitric dehydrogenase and oxalosuccinic carboxylase 


Acetone-dried powder of pig heart (350 g. dry) was used in this purification. 


10-*x 10-*x 
total total 
dehydro- carboxy- Yield of 
genase lase dehydro- 
Volume activity activity Protein genase 
Stage Treatment (mal.) (units) (units) (mg.) SAp* SAcf SAp/SAg (% 
me ( 1720 360 — 9400 380 —_ — 
L Exteect | 2440 110 33 5700 193 58 3-3 100 
2 Fraction 0-66 % saturated 198 300 _— 5500 550 — — 64 
with (NH,).SO, 
3 Fraction 15-66% saturated 245 275 73 4000 690 183 3:8 58 
with (NH,),SO, 
4 Fraction 25-45% saturated 55 194 57-5 1920 1000 300 3-3 41 
with (NH,),SO, 
5 Supernatant after treatment 50 100 31 650 1530 480 3-2 21 


with Ca,(PO,), gel 


* SA) =specific activity (dehydrogenase). 


+ SAg=specific activity (carboxylase). 
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activity. This precipitate was dissolved in the minimum 
volume of 0-05m tris buffer (pH 7-3). 

Stage 4. The enzyme was fractionated a second time by 
precipitation with (NH,).SO,; this time the fraction pre- 
cipitated between 25 and 45% saturation was collected 
and dissolved in 0-05m tris buffer (pH 7-3). 

Stage 5. The enzyme solution was fractionated by ad- 
sorption on calcium phosphate gel. It was found best to 
adsorb impurities on the gel, leaving most of the enzyme in 
solution. Calcium phosphate gel (30 mg./ml.) was added to 
the enzyme solution until a flavoprotein impurity had been 
completely adsorbed on the gel, but tests still showed most 
of the enzymic activity in solution. After centrifuging, the 
supernatant was brought to 66 % saturation with (NH,).SO,, 
and the precipitate obtained was dissolved in a small volume 
of 0-05 tris buffer (pH 7-3). Treatment with calcium 
phosphate gel did not produce any inactivation of the 
enzyme, and the small amount of the enzyme which had 
been adsorbed on the gel could be eluted by addition of 
0-05mM tris buffer (pH 7-3) which had been 10% saturated 
with (NH,).SO,. 

Table i shows the stages of purification from a single 
preparation of pig-heart acetone-dried powder. Other pre- 
parations gave similar results, a final SAp of about 1550 
always being obtained. The variation between different 
acetone-dried powder preparations required slight differ- 
ences in the procedure detailed above. When the specific 
activity of the extract (stage 1) was lower than that re- 
corded in Table 1 additional alternating fractionations with 
(NH,).SO, and calcium phosphate gel were sometimes 
needed to achieve a final SAp of 1550. In fractionation with 
(NH,),SO, the percentage saturation range of the fractions 
was adjusted to give maximum purification with a large 
yield at each stage. 

RESULTS 
Identity of isocitric dehydrogenase and 
oxalosuccinic carboxylase 

As has already been shown (Moyle & Dixon, 1955), 
and as can be seen from Table 1, the activities of the 
two enzymes ran parallel throughout their purifica- 
tion. There was no indication whatsoever of separa- 
tion of the two activities. Moreover, inactivation of 
the dehydrogenase by autolysis to only 10 or 30% 
of its original activity resulted in the inactivation of 
the carboxylase to exactly the same extent (Moyle & 
Dixon, 1955). 

There was noseparation of /socitric-dehydrogenase 
and oxalosuccinic-carboxylase activity over a 200- 
fold range of specific activity, if the results from 
inactivation experiments were taken in conjunction 
with those from purification experiments. 


Purity of fraction at stage 5 
Electrophoresis at pH. 5-6 (in 0-1 citrate buffer), 
and at pH 7-3 and 8-5 (in 0-05 tris buffer) showed 


one component accounting for 90-95% of the 


protein. At these pH values the electrophoretic 
mobility of the major component was very small. 
Sedimentation similarly showed one component 
representing 90-95 % of the total protein (Moyle & 
Dixon, 1955). The sedimentation constant of this 
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0 5 10 15 20 25 
mg. of protein (dry wt.)/ml. 


Fig. 1. Dependence of the sedimentation constant of the 
isocitric enzyme on protein concentration. 


component, calculated for sedimentation in water at 
20° (assuming a partial specific volume of 0-73), 
was dependent on the protein concentration, as 
shown in Fig. 1. So ,, extrapolated to zero protein 
concentration was 4:80 x 10-™ cm.?/sec. Owing to 
the instability of the protein after dialysis, it was 
not possible to carry out diffusion measurements 
over a long time interval, and so the diffusion 
constant was calculated from the spread of the 
sedimenting boundary during the 2 hr. period of 
sedimentation (see Svedberg & Pedersen, 1940). 
Dayo, » Was 6-73 x 10-7 cm.?/sec. 

These constants give a molecular weight for the 
enzyme of 64000. 

So far, attempts to crystallize the enzyme have 
failed. An investigation into the chemical composi- 
tion of the purified enzyme revealed a small pro- 
portion of firmly bound lipid (Moyle, 1956) which 
may be one of the factors preventing crystallization 
of the protein. 


Further fractionation of purified enzyme 


The separation of a sample of the major electro- 
phoretic component free from the other components 
was made possible by the fractionating cell of 
Crook et al. (1954). Fig. 2 represents diagrammatic- 
ally the concentration of protein as a function of 
distance in the ascending and descending boundaries 
in the electrophoresis cell after separation of the 
components by electrophoresis and before removal 
of fractions A1—3 and D1-—5 (see also Moyle & 
Dixon, 1955). The composition of the fractions with 
respect to the amount of each component protein 
(« and y) has been deduced by analysis of the 
schlieren diagram. From Fig. 2 calculations have 
been made of the expected specific activity (SA,) of 
every fraction, assuming that only one of the two 
components x and y is active (Table 2). It will be 
seen that the pattern of distribution of dehydro- 
genase activity through the fractions at the ascend- 
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Table 2. Fractionation of purified isocitric enzyme 


Protein (mg./ml.) 


2 
Theoretical 


Experi- 
if x active 


Fraction Theoretical mental 


Al — 
A2 780 
A3 1080 
D1 — 

D2 1200 
D3 1180 
D4 8-0 1150 
D5 8-0 —_— 


| 


@ to 
Co or 
Poe 
sro 


| 
| 


ssl 
2 & a 
ot 
a) 


| 


SAp* 
; SAct 
Experi- 


Experi- 
mental 


mental 
— 0 0 
5000 700 220 
1600 1000 344 
— 0 0 
0 500 150 
250 420 197 
750 293 132 
— 1120 363 


Theoretical 


if y active SAp/SAg 


be ee | 
© bo 


$9 ty bo oe 
m bo bo 


The fractions are those represented diagrammatically in Fig. 2. 

The theoretical values are based on the composition of the ‘ bulk’ (D5)’ 
* SAp=specific activity (dehydrogenase). 

+ SA, =specific activity (carboxylase). 
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Fig. 2. Further fractionation of purified isocitrie enzyme. 
Concentration of the component proteins x and y in 
fractions collected from the ascending and descending 
boundaries after electrophoretic separation. 


ing boundary (A 1-3) follows that of 2 and not thai 
of y. Unfortunately, prolongation of the electro- 
phoretic separation before collection of fractions 
led to some inactivation, the SA, in the ‘bulk’ (D5) 
having fallen from 1530 to 1120. Inactivation was 
even more severe at the descending boundary, 
where the highest SA, after electrophoresis was 500 
(D2). However, the fraction D2, which contained 


only the major component x, possessed both iso- 
citric-dehydrogenase and oxalosuccinic-carboxy- 
lase activity in the same ratio as that found through- 
out the purification procedure. 


DISCUSSION 


Ina review, Ochoa (1951) drew an analogy between 
the malate—pyruvate system in animal tissues and 
the isocitrate—x-oxoglutarate system. Malate can 
be oxidatively decarboxylated, either by the action 
of the malic enzyme, or by the action of malic 
dehydrogenase followed by oxaloacetic carboxylase ; 
and Ochoa suggested that isocitric dehydrogenase 
and oxalosuccinic carboxylase might be found to be 
a single enzyme like the malic enzyme, although the 
overall reaction catalysed could be split up into two 
distinct steps. Partial purification of ‘socitric 
dehydrogenase and oxalosuccinic carboxylase by 
Grafflin & Ochoa (1950) certainly did not produce 
any separation of the two activities. Now the 
enzyme has been obtained 90-95 % pure, and it has 
been shown that this one protein possesses both 
dehydrogenase and carboxylase activity. 

The isocitric enzyme is a rare example of a protein 
which is able to catalyse two separate reactions, 
in this case oxido-reduction and carboxylation— 
decarboxylation ; for (unlike the malic enzyme over 
its normal pH range) the zsocitric enzyme may either 
reduce or decarboxylate the intermediate (oxalo- 
succinate) as well as oxidatively decarboxylate D- 
isocitrate. The properties and some preliminary 
kinetic studies of the zsocitric enzyme are reported 
in another paper (Moyle, 1956). 


SUMMARY 


1. A method for the purification of triphospho- 
pyridine nucleotide-linked isocitrie dehydrogenase 
and oxalosuceinie carboxylase from pig heart is 


described. 
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2. Throughout purification the ratio of zsocitric- 
dehydrogenase activity to oxalosuccinic-carboxy- 
lase activity remains constant, and inactivation of 
the one produces a corresponding inactivation of the 
other. 

3. Sedimentation and diffusion measurements, 
and electrophoretic analysis at pH. 5-6, 7-3 and 8-5, 
show that the enzyme is a single protein. It has 
been obtained 90-95 % pure. 

4. Further fractionation of the purified enzyme 
confirms that it is the component representing 90— 
95 % of the total protein which possesses both iso- 
citric-dehydrogenase and oxalosuccinic-carboxylase 
activity. 

5. The molecular weight of the isocitric enzyme is 
approximately 64000. 

We are indebted to Dr E. M. Crook and his colleagues for 
the loan of one of their fractionating cells, and to Mr B, 
Slater for preparation of potassium triethyloxalosuccinic 
ester. One of us (J.M.) wishes to acknowledge the receipt of 
a grant from the Medical Research Council. 
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Some Properties of Purified isoCitric Enzyme 


By JENNIFER MOYLE* 
Department of Biochemistry, University of Cambridge 


(Received 9 December 1955) 


The purification of triphosphopyridine nucleotide 
(TPN)-linked isocitrie dehydrogenase and oxalo- 
succinic carboxylase from pig heart showed that 
both activities were possessed by one protein, now 
called the isocitric enzyme (Moyle & Dixon, 1955, 
1956). The analogy between this enzyme and the 
malic enzyme (Ochoa, 1951), however, is not abso- 
lute, although both these enzymes bring about the 
oxidation and decarboxylation of their substrates 
without the intervention of other enzymes. Unlike 
the malic enzyme, the zsocitric enzyme also catalyses 
the reduction of the intermediate (oxalosuccinate), 
as was demonstrated by Ochoa (1945), and its 
decarboxylation (Ochoa & Weisz-Tabori, 1945) over 
a range of pH values. 
Mn?+ 
L-Malate + oxidized TPN = pyruvate+CO, 
+reduced TPN 
eos + oxidized TPN = oxalosuccinate 
Mn2+ +reduced TPN 


| mniianiiniie = «a-oxoglutarate + CO,. 


* Present address: Department of Zoology, University of 
Edinburgh. 


The fact that the isocitric enzyme can catalyse the 
oxidation and decarboxylation reactions inde- 
pendently has led to a preliminary study of the 
kinetics of these reactions in relation to the overall 
reaction. 


EXPERIMENTAL 


Materials 

isoCitric enzyme. The enzyme was prepared from pig 
heart and purified as previously described (Moyle & Dixon, 
1956). 

isoCitrate, oxalosuccinate and TPN. These materials were 
obtained from the same sources as before (Moyle & Dixon, 
1956). 

Reduced TPN. Reduced TPN was prepared according to 
the method of Nason & Evans (1953) from oxidized TPN. 
It was free from isocitric-enzyme activity. 


Methods 


isoCitric-dehydrogenase and  oxalosuccinic-carboxylase 
activity. Enzymic activity was determined as previously 
described (Moyle & Dixon, 1956). 

Reversal of the dehydrogenase reaction. Oxidation of 
reduced TPN was estimated by decrease in optical density 
at 340 my. Method (a). The reaction mixture was as 


| 


| 
| 
| 








56 
rd, 





Vol. 63 


previously described for the forward dehydrogenase 
reaction (Moyle & Dixon, 1956) except that reduced TPN 
was used in place of oxidized TPN, and 0-1 ml. of 0-034m 
sodium oxalosuccinate in place of isocitrate. Method (5). 
The reaction mixture was exactly as described for the 
forward reaction. The forward reaction was allowed to 
proceed until all the TPN present had been reduced. Addi- 
tion of 0-1 ml. of 0-034M sodium oxalosuccinate caused the 
reversal of the dehydrogenase reaction. 

It was necessary to make a correction for the absorption 
of oxalosuccinate at 340 mu. Spontaneous decarboxylation 
of the oxalosuccinate caused a progressive change in the 
value of this correction throughout the course of each 
experiment. 

Reversal of the carboxylase reaction. Uptake of carbon 
dioxide was measured in Warburg manometers at pH 6-5 at 
25°. The reaction mixture contained 1-0 ml. of 0-1 m-NaHCO,, 
0-4 ml. of 0-0039m TPN, 0-2 ml. of 0-017M sodium DL- 
isocitrate, 0-2 ml. of 0-02M-MnCl,, 0-2 ml. of enzyme, 
0-7 ml. of water, and 0-3 ml. of 0-33 m sodium «-oxoglutarate 
which was added from the side bulb. The gas phase in the 
manometers was air + CO, (50:50, v/v), giving the reaction 
mixture a final pH of 6-5. Pre-incubation of the vessels for 
10 min. before addition of the «-oxoglutarate allowed 
reduction of all the TPN through oxidation (by the dehydro- 
genase reaction) of D-isocitrate. 

Dry weight. Samples of the enzyme were exhaustively 
dialysed against distilled water at 0°, and then dried to 
constant weight over H,SO, in vacuo at room temp. 

Protein. (a) An estimate of the protein content of solu- 
tions was made by determination of optical density at 
280 my. (see Moyle & Dixon, 1956). (6) Determination of 
Kjeldahl nitrogen was made, after dialysis of samples till 
free from (NH,),SO,, by a colorimetric method (iodomercur- 
ate) similar to that of Umbreit, Burris & Stauffer (1949). 
A multiplying factor of 6-2 was used to convert mg. of 
nitrogen to mg. of protein. 

Lipid. Lipid was extracted from the freeze-dried enzyme 
by the method of Reichert (1944) in a micro lipid extractor 
(Mitchell, 1953) and weighed. 

Phosphorus. The methods of Fiske & Subbarow (1925) 
were used. 

Electrophoresis. This was carried out as previously 
described (Moyle & Dixon, 1956). 


RESULTS 
Properties of the purified enzyme 


Analysis of the freeze-dried purified zsocitric enzyme 
showed that it was largely protein in nature but 
contained a small and variable proportion of lipid. 
The Molisch test for carbohydrates was negative. 
The protein and lipid components together always 
accounted for 93 % of the dry weight of the enzyme. 
A typical preparation contained 86 % by weight of 
protein (calculated from Kjeldahl nitrogen) and 
7% by weight of lipid. However, other preparations 
contained only 76 % protein but 17 % lipid. As the 
freeze-dried enzyme lost a further 6 % by weight on 
drying to constant weight at 105°, 99 % of the weight 
of the enzyme could be accounted for by the protein 
and lipid components in all preparations. 


THE JSOCITRIC ENZYME 


The lipid component was firmly bound to the 
protein and required hydrolysis in 5N-HCl at 100° 
for 18 hr. before it could be extracted by the method 
of Reichert (1944). It was not a phospholipid, for 
both phosphorus and nitrogen were absent, and it 
seems most likely, particularly in view of the varia- 
tion in its amount, that it consisted of tissue lipid 
which had become adsorbed fortuitously on the 
protein of the enzyme during the purification pro- 
cedure. Enzymic activity was proportional to 
protein content and not to lipid content. 

A comparison of the protein content calculated 
from Kjeldahl nitrogen determination and that 
calculated from optical density at 280 my. showed 
that the dividing factor of 2-06 for the latter (see 
Moyle & Dixon, 1956) was not applicable to the 
purified enzyme. The correct dividing factor for 
purified isocitric enzyme was 0-90. 

The absorption spectrum of purified isocitric 
enzyme between 230 and 520 mz. showed a single 
absorption band with a maximum at 280 muy. 
There was no indication of contaminating nucleic 
acids or flavin or haem compounds. 

The enzyme was stable over a considerable pH 
range. Samples held at 0° for 30 min. at pH 3-9, 5-0, 
6-4, 7-4, 7-7 and 8-Oall retained 100 % of their original 
activity. The enzyme was thermolabile, but it could 
be frozen and thawed repeatedly when dissolved 
in 0-05M aminotrishydroxymethylmethane (tris 
buffer, pH 7-3) without any loss of activity. This pro- 
perty enabled preparations to be stored for several 
months at — 15° with retention of full activity. 

Mention has been made (Moyle & Dixon, 1955, 
1956) of the fact that the isocitric enzyme was 
unstable to dialysis. The enzyme was completely 
stable when dissolved in 0-05 tris buffer (pH 7-3) 
and held at 0° for 24 hr., but dialysis of the enzyme 
solution against 100 times its volume of that buffer 
at 0° for 18 hr. produced irreversible inactivation 
and eventually precipitation. Table 1 shows the 
effect of different dialysing media on ‘socitric 
enzyme activity. The presence of manganese ions 
did not prevent inactivation, even at a concentra- 
tion of 0-1m, and, of the electrolytes tested, only 
ammonium sulphate and sodium sulphate com- 
pletely prevented inactivation. The concentration 
required for complete protection was 0-1 of either 
electrolyte. The mechanism of this protection by 
sulphate ions is not clear, but the high concentration 
required cannot be due to competition with chloride 
ions since 0-05M ammonium sulphate without 
buffer allowed inactivation to the same extent as 
0-05M ammonium sulphate containing buffer. 
Presumably the sulphate ions prevent the dissocia- 
tion of some complex or bonding in the enzyme 
molecule necessary for the preservation of enzymic 
activity and, ultimately, for the maintenance of the 
native state of the protein. 
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Table 1. Inactivation of the isocitric enzyme by dialysis 


Enzyme was dissolved in 0-05m tris (aminotrishydroxymethylmethane) buffer (pH 7-3), and dialysed for ]8 hr. at 0° 


against 100 volumes of dialysing medium. 


Activity recovered 


Dialysing medium %) 
Control (no dialysis) 100 
0-05 Tris buffer (pH 7-3) 71 
0-05 Tris buffer (pH 7-3) with 0-1m-MnCl, 71 
0-05 Tris buffer (pH 7-3) with 0-1m-CaCl, 90 
0-05 Tris buffer (pH 7-3) with 0-65m-(NH,),SO, 103 
0-05 Tris buffer (pH 7-3) wich 0-65m-NH,Cl 62 
0-05 Tris buffer (pH 7-3) with 0-1 m-(NH,),SO, 103 
0-05 Tris buffer (pH 7-3) with 0-05m-(NH,).SO, 93 
0-05M-(NH,),SO, 90 
0-05 Tris buffer (pH 7-3) with 0-01 m-(NH,),SO, 73 
0-05M Tris buffer (pH 7-3) with 0-2m-NH,NO, 39 
0-05 Tris buffer (pH 7-3) with 0-3M-Na,SO, 106 
0-05 Tris buffer (pH 7-3) with 0-1M-Na,SO, 106 

The isoionic point of the zsocitric enzyme was 
Kinetics 


determined after exhaustive dialysis against 
distilled water. The enzyme was suspended in glass- 
distilled water at a concentration of 10 mg./ml. and 
the pH measured with a glass electrode. The 
isoioniec point was pH 4-0. It was not possible to 
determine the isoelectric point by extrapolation of 
the electrophoretic mobility at different pH values 
to zero mobility, for the mobility at pH 5-6, 7-3 and 
8-5 was too small to be estimated with any degree of 
accuracy. The electrophoretic mobility at pH 7-3 
was approx. 0-05 x 10-> cm.?/v—1/see.—1. 
Absolute activity 

Estimation of protein by Kjeldahl nitrogen and 
dry weight made the calculation of the absolute 
activity for both dehydrogenase and carboxylase 
activities of the purified ¢socitric enzyme possible. 
The rate of the dehydrogenase reaction at pH 7-3 
and at 24° under the usual test conditions was 
5-3yumoles of D-isocitrate oxidized/min./mg. of 
protein, and that of the carboxylase reaction at 
pH 5-6 and 18° under the usual conditions was 
2-2 umoles of oxalosuccinate decarboxylated/min./ 
mg. of protein. The absolute activity for the de- 
hydrogenase activity of the zsocitric enzyme was 
340 molecules of substrate oxidized/molecule of 
enzyme/min., and for the carboxylase activity was 
140 molecules of substrate decarboxylated/molecule 
of enzyme/min., assuming a molecular weight for the 
enzyme of 64000 (Moyle & Dixon, 1955, 1956). The 
conditions used for estimating the carboxylase did 
not give maximal rates, however, and it will be 
shown later that the carboxylase absolute activity 
calculated from the maximum velocity of the 
reaction (V,,) would be considerably greater than 
that of the dehydrogenase. 

The absolute activity of the ¢socitric enzyme is 
very low compared with that of many enzymes, 
although there are some which are known to have an 
absolute activity of this order of magnitude. 


Hitherto, interpretation of the kinetics of the two 
reactions catalysed by the isocitric enzyme has been 
made difficult because it was not known for certain 
whether the two reactions were catalysed by one 
enzyme. The reactions were, for the most part, 
considered separately and their close interrelation- 
ship was not fully appreciated. 

The fundamental work of Adler, Euler, Giinther & 
Plass (1939) and Ochoa & Weisz-Tabori (1945) 
showed respectively the requirement of TPN for the 
dehydrogenase reaction and of Mn?+ ions for the 
carboxylase reaction. However, the work of these 
two groups did not show conclusively that Mn?+ ions 
were not required for the dehydrogenase reaction. 
Undoubtedly, the initial velocity of that reaction 
was greater in the presence of added Mn?* ions than 
without (Ochoa, 1948). Adler et al. (1939) found 
that the ash of the enzyme would activate the overall 
reaction, and Lotspeich & Peters (1951) found 
that the ash did in fact contain manganese. 
Therefore, enzymic activity without the addition 
of Mn?* ions did not imply a negative manganese 
requirement. 

Fig. 1 shows the result of an investigation into 
the manganese requirement of the dehydrogenase 
reaction. The initial velocity was dependent on the 
Mn?* ion concentration, the presence of 0-0001M 
ethylenediaminetetraacetate being sufficient to 
inhibit the enzyme completely. The inhibition by 
ethylenediaminetetraacetate was reversed by the 
later addition of 0-0013M-MnCl,, showing that 
inactivation was solely through the chelation and 
removal of manganese ions and not through any 
unspecific inactivation of the protein of the enzyme. 

It might be that the equilibrium between iso- 
citrate and oxalosuccinate was such that, when the 
carboxylase reaction rate was decreased by the lack 
of Mn?* ions and oxalosuccinate was not removed by 
decarboxylation, the initial velocity of the de- 
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hydrogenase reaction would be decreased. However, 
a tenfold increase in the isocitrate concentration did 
not cause any increase in the initial velocity of the 
dehydrogenase reaction without added Mn?* ions. 
Similarly, it was not possible to increase the rate of 
the dehydrogenase reaction, in the absence of added 
Mn?* ions, to a rate equal to that in the presenee of 
manganese ions by the addition of a keto-fixer such 
as potassium cyanide to remove oxalosuccinate as it 
was formed, although potassium cyanide was not 
an inhibitor of the overall reaction. Potassium 
cyanide (0-02) did not affect the rate of the reaction 
in the presence of Mn?* ions nor that in the absence 
of Mn?* 


ions. 
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Fig. 1. Effect of Mn?+ ion concentration on the rate of 
oxidation of D-isocitrate by the isocitric enzyme. Curve 1: 
usual reaction mixture for dehydrogenase test including 
0-0013 M-MnCl,. Curve 2: usual reaction mixture without 
added Mn?+ ions. Curve 3: reaction mixture 

without added manganese ions, but with tenfold increase 

in isocitrate concentration. Curves 4, 5 and 6: usual 
reaction mixture without added manganese ions, and 
with addition of 0-01 Mm, 0-001M and 0-0001 m ethylenedi- 
aminetetraacetate respectively. Curve 7: usual reaction 
mixture without added Mn?* ions, and with addition of 
0-0003 mM ethylenediaminetetraacetate. At arrow, 0-0013M 
MnCl, was added. 


usual 
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There are two possible explanations for these 
findings: either that Mn?* ions are required for the 
dehydrogenase reaction or that the two reactions are 
so closely linked (for instance, by having effectively 
the same active centre) that the rate of decarboxyla- 
tion limits that of dehydrogenation. Fig. 2 shows 
the reversal of the dehydrogenase reaction in the 
presence of different concentrations of Mn?+ ions 
tested under conditions of method (b). The initial 
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Fig. 2. Effect of Mn** ions on the rate of reduction of 
oxalosuccinate by the isocitric enzyme. [Curves 1-3: 
method (5) for the reversal of the dehydrogenase reaction. ] 
Curve 1: usual reaction mixture for the forward dehydro- 
genase reaction including 0-0013M-MnCl,. At arrow, 
0-1 ml. of 0-034mM sodium oxalosuccinate was added. 
Curve 2: usual reaction mixture without added Mn?* 
At arrow, 0-1 ml. of 0-034m sodium oxalosuccinate was 
added. Curve 3: usual reaction mixture without added 
manganese ions. At arrow a, addition of 0-001 m ethylene- 
diaminetetraacetate; at arrow b, addition of 0-1 ml. of 
0-034M sodium oxalosuccinate. Curve 4: Method (a) for 
the reversal of the dehydrogenase reaction. Reaction 
mixture was complete except for absence of enzyme. At 
arrow, addition of the same amount of isocitric enzyme 
as in experiments represented in curves 1-3. Optical 
density was corrected for absorption due to oxalosuc- 
cinate throughout. 


ions. 
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velocity of the oxidation of reduced TPN was 
independent of Mn?+ ion concentration and the 
reaction occurred in the complete absence of Mn?+ 
ions at the same rate as in the presence of man- 
ganese. Therefore, the dehydrogenase reaction 
conclusively does not require manganese and the 
results obtained in the experiment shown in Fig. 1 
must have been due to a close linkage of the two 
reactions. 

Although the forward reaction did not proceed at 
a measurable rate in the presence of 0-0001 m ethyl- 
enediaminetetraacetate when the small amount of 
enzyme necessary for rapid reaction in the presence 
of manganese was used, a small increase in optical 
density at 340 myz., linear with time, was observed 
in the presence of 0-003M ethylenediaminetetra- 
acetate when the amount of enzyme was increased 
200-fold. A study of the temperature character- 
istics of this very slow reaction showed that, 
between 25° and 35°, it had a temperature coefficient 
of 7-0, whereas the overall enzymic reaction had a 
temperature coefficient of 2-0. This slow reaction, in 
having such a high temperature coefficient, is 
similar to the denaturation of proteins (Stearn, 
1949), i.e. it may involve a large entropy change. It 
is consistent with the rate-limiting step under these 
conditions being the dissociation of the oxalo- 
succinate-enzyme complex. 

Confirmation of the close linkage of the dehydro- 
genase and carboxylase activities of the ¢socitric 
enzyme was obtained by investigating the reversal 
of the overall reaction. With a manometric method 
for following carbon dioxide uptake, it was found 
that carboxylation of x-oxoglutarate did not occur 
in the absence of reduced TPN. That is to say, the 
backward carboxylase reaction cannot proceed 
unless oxalosuccinate can be removed by reduction 
to isocitrate at the expense of the oxidation of 
reduced TPN. It will be seen from Fig. 3 that, under 
the test conditions described above, 19 yl. of carbon 
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Fig. 3. Reversal of the carboxylase reaction catalysed by 
the isocitric enzyme. Curve 1: complete reaction mixture. 
Curve 2: reaction mixture without reduced TPN. 
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dioxide was taken up when the reaction mixture 
contained reduced TPN. The reduced TPN content 
would have allowed a maximum uptake of 36 yl. of 
carbon dioxide if all of the reduced TPN had been 
re-oxidized. 

Michaelis constants. The effect of substrate con- 
centration on the initial velocity of the enzyme- 
catalysed reactions was investigated with the test 
systems already described. The Michaelis constants 
were evaluated from graphs of the reciprocal of the 
substrate concentration plotted against the re- 
ciprocal of the initial velocity, after the method of 
Lineweaver & Burk (1934). 

In estimating the rate of the forward dehydro- 
genase reaction it was necessary to allow the 
carboxylase reaction also to occur by the addition of 
Mn?* ions to the test system. It will be shown that 
although D-isocitrate is oxidized only if decarboxy- 
lation follows, the rate of the latter does not limit 
the rate of the overall reaction. The Michaelis 
constant for D-isocitrate was 2-6 x 10-*m at pH 7:3 
and at 24°. This is in agreement with the K,, 
estimated by Adler et al. (1939) of less than 
1-25 x 105M. 

An investigation into the reversed dehydrogenase 
reaction carried out in the presence of 0-003 
ethylenediaminetetraacetate to eliminate the car- 
boxylase reaction gave a Michaelis constant for 
oxalosuccinate of 5-6x10-4m at pH 7-3 and 
at 24°. 

The effect of substrate concentration on the 
velocity of the forward carboxylase reaction gave a 
Michaelis constant for oxalosuccinate of 2-5 x 10-?m 
at pH 5-6 at 14°. This confirms the K,, of 2-6 x 10-?m 
at pH 5-6 and at 18° found by Ochoa & Weisz- 
Tabori (1948) with a partially purified enzyme. 

A quantitative estimate of the Mn?* ion require- 
ment of the carboxylase reaction cannot give 
results of much value because of the manganese 
content of the isocitric enzyme itself. However, 
Ochoa & Weisz-Tabori (1948) gave a K,, value of 
3x10-4m; and the present work gives a value 
between 6-5 x 10-4 and 6-5 x 10-° for the purified 
enzyme. 

Velocity constants. The maximum velocities (V,,) 
of the reactions catalysed by the isocitric enzyme 
were evaluated from the same graphs as were 
plotted for the evaluation of the Michaelis constants. 
The V,, of the forward dehydrogenase reaction, at 
a TPN concentration of 0-00042 M, estimated in the 
presence of added Mn?* ions to allow the carboxylase 
reaction to proceed, was 350 molecules of D-iso- 
citrate oxidized/molecule of enzyme/min. at pH 7:3 
at 24°. The V,, for the forward carboxylase reaction 
was 560 molecules of oxalosuccinate decarboxylated/ 
molecule of enzyme/min. at pH 5-6 at 14° in 
presence of 0-0013M-MnCl,. The V,, for the reversed 
dehydrogenase reaction in the presence of 0-00042M 
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TPN was 174 molecules of oxalosuccinate reduced/ 
molecule of enzyme/min. at pH 7-3 at 24° in absence 
of any carboxylase activity. 

The velocity of the dissociation of the oxalo- 
succinate-enzyme complex at pH 7-3 at 24° was 
only 0-012 molecule of complex dissociated/ 
molecule of enzyme/min. 

The concentration of oxalosuccinate used for 
routine estimation of the carboxylase reaction was 
very much below that required for maximal 
velocity. The absolute activity for that reaction 
under optimum conditions was 560 molecules of 
oxalosuccinate decarboxylated/molecule of enzyme/ 
min. at 14°,and, assuming a temperature coefficient 
of 2 for this reaction (as has been found for the 
overall reaction), would be 1120 molecules/molecule 
of enzyme/min. at 24°. Since the dehydrogenase 
reaction was estimated at its optimum pH value 
(Adler et al. 1939), and the rate of the carboxylase 
reaction is almost independent of pH (Ochoa & 
Weisz-Tabori, 1948), the carboxylase reaction has 
an activity much greater than that of the dehydro- 
genase reaction over the whole pH range of enzymic 
activity. Since it is thought (see Discussion) that 
during the overall reaction the oxalosuccinate 
remains in complex with the enzyme, the rate of 
the forward dehydrogenase reaction will not be 
affected by the rate of the subsequent carboxylase 
reaction, and estimates of the rate of the overall 
reaction will give valid values for the rate of the 
dehydrogenase reaction. 


DISCUSSION 


The interrelationship of tle two enzymic reactions 
catalysed by the isocitric enzyme, as shown by a 
study of the kinetics of the two reactions, has 
proved to be very close. A hypothesis for the 
mechanism of action of the isocitric enzyme which 
can explain the results of the present work and can 
also accommodate information obtained by earlier 
workers is represented diagrammatically in Fig. 4. 
The basis of the mechanism is that, during the 
overall reaction in either direction, the inter- 
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mediate (oxalosuccinate) should not be released into 
solution but remain in complex with the enzyme. 
The sites in the enzyme molecule of the active 
centres for the two reactions must be in very close 
proximity, at least overlapping, so that effectively 
there is only one active centre. A substrate (or 
product) molecule at one site must be able to block 
the other site to the other substrate. The rate of 
dissociation of the complex between enzyme and 
oxalosuccinate must be negligible. 

This hypothesis would account for the results of 
work by earlier workers as well as that presented in 
this paper. It would explain: (a) The ability of the 
enzyme to catalyse the overall reaction in both 
directions, and also the reduction of oxalosuccinate 
and its decarboxylation (Martius, 1937; Adler e¢ al. 
1939; Ochoa, 1945; Ochoa & Weisz-Tabori, 1945; 
Lynen & Scherer, 1948). (b) The dependence of the 
forward dehydrogenase reaction on the activity of 
the carboxylase. (In the absence of Mn?+ ions, the 
active centre gets blocked with oxalosuccinate 
molecules unable to be decarboxylated and thence 
released from the enzyme complex.) (c) The 
dependence of the reversed carboxylase reaction on 
the activity of the reversed dehydrogenase. (In the 
absence of reduced TPN, the active centre gets 
blocked with oxalosuccinate molecules unable to be 
released from the enzyme by reduction to 7so- 
citrate.) (d) The high temperature coefficient of the 
very slow forward dehydrogenase reaction in the 
absence of Mn?+ ions. (When there is no carboxylase 
activity whatever, the rate-limiting step of the 
forward dehydrogenase reaction is the dissociation 
of the oxalosuccinate-enzyme complex.) (e) The 
fact that oxalosuccinate has never been reported as 
an intermediate product in solution during the 
overall reaction. (f) The fact that carbon dioxide 
production appears to begin simultaneously with 
the beginning of oxidation of D-isocitrate and at the 
same rate (Adler et al. 1939), although the K,, for 
oxalosuccinate is very high. (g) The inhibition of the 
carboxylase reaction by isocitrate. isoCitrate is the 
only strong, competitive inhibitor of the carboxy- 
lase so far found. There is 92% inhibition of 
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activity by addition of 0-013M pDL-isocitrate to a 
reaction mixture containing 0-0075 Mm oxalosuccinate 
(Ochoa & Weisz-Tabori, 1948). (isoCitrate mole- 
cules combined at the active centre for the dehydro- 
genase reaction effectively block the carboxyluse 
active centre to oxalosuccinate molecules.) (h) The 
ineffectiveness of keto-fixers such as 1:1-dimethyl- 
3:5-dioxocyclohexane (dimedone) (Adler et al. 1939) 
and potassium cyanide in increasing the rate of the 
dehydrogenase reaction in absence of added Mn?+ 
ions to the rate in the presence of manganese. 

It is interesting that there is a 100-fold difference 
in the K,, value for oxalosuccinate in the two 
reactions, in view of the likelihood of there being at 
least part of the active centre which is common to 
both reactions. It is possible that k, and k, of the 
Briggs—Haldane equation 


ky ks a 
E+S@2ES+P+E and K,=~2— 
ke hy 


(where E represents enzyme, 8 is succinate, ES is 
the complex and P the product) have the same value 
for both reactions and the experimentally found 
values of K,, are really a measure of different values 
of k;, or alternatively, the formation of the complex 
between manganese ions, substrate and enzyme in 
the carboxylase reaction may affect k, and k, for 
this reaction in such a way as to lower the affinity of 
enzyme for substrate compared with the affinity of 
enzyme for substrate in the reversed dehydrogenase 
reaction. 

The hypothesis for the mechanism of action of the 
isocitric enzyme just described throws some light on 
the possible mechanism of action of the analogous 
malic enzyme (Ochoa, 1951). The latter enzyme has 
the interesting property of being unable to de- 
carboxylate oxaloacetate at the pH optimum for 
oxidative decarboxylation of malate, although 
oxaloacetate is decarboxylated at a lower pH (at 
which pH value the enzyme will not oxidatively 
decarboxylate malate). A scheme almost identical 
withthat of Fig. 4could be used to describe the malic 
enzyme: in this case, the ability of the intermediate 
(oxaloacetate) in solution to form a complex with 
the enzyme would have to depend very greatly on 
pH. 

SUMMARY 


1. The chemical and physical properties of the 
isocitric enzyme are described. 

2. The inactivation of the enzyme caused by 
dialysis against distilled water or 0-05M aminotris- 
hydroxymethylmethane buffer (pH 7-3) can be 
prevented by addition of 0-1M ammonium sulphate 
or sodium sulphate to the dialysing medium. 
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3. The absolute activity of the dehydrogenase 
reaction of the tsocitric enzyme at pH 7-3 at 24° is 
350 molecules of D-isocitrate oxidized/molecule of 
enzyme/min. (in presence of 0-00042mM triphospho- 
pyridine nucleotide), and for the carboxylase 
reaction at pH 5-6 at 14° is 560 molecules of oxalo- 
succinate decarboxylated/molecule of enzyme/min. 
(in presence of 0-0013M manganous chloride) when 
calculated from the velocity constants (V,,,) of these 
reactions. 

4. The dehydrogenase reaction does not require 
Mn?** ions but, being closely linked to the carboxyl- 
ase reaction, it will not proceed in a forward 
direction unless the carboxylase reaction also 
occurs. 

5. The backward carboxylase reaction depends 
on dehydrogenase activity. 

6. The Michaelis constant for D-isocitrate is 
2-6 x 10-$m at pH 7-3 at 24°; that for oxalosuccinate 
is 5-6 x 10-4m at pH 7:3 at 24° for the reduction 
reaction, and 2-5 x 10-?m at pH 5-6 at 14° for the 
decarboxylation reaction. 

7. A hypothesis to explain the mechanism of 
action of the isocitric enzyme is described. A similar 
mechanism is proposed for the malic enzyme. 
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Adrenaline and Noradrenaline Concentrations in Rat Tissues 
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Noradrenaline and adrenaline concentrations have 
been little studied in rat tissues; this paper deals 
with their estimation by an extension of the method 
of Weil-Malherbe & Bone (1952, 1953, 1954) for 
blood; a brief report has already been presented 
(Montagu, 1955). The results do not appear to 
support the current hypothesis that the concentra- 
tion of noradrenaline can be correlated with the 
density of adrenergic-nerve fibres (Euler, 19516, 
1954). The proportions of adrenaline in the mixtures 
of noradrenaline and adrenaline are both higher and 
more uniform than those usualiy found (Mirkin, 1953; 
Euler, 1954; Mirkin & Bonnycastle, 1954). 


METHODS 


Preparation and chemical analysis of tissue extracts. Male 
Wistar rats were used, and after overnight starvation were 
killed by a blow on the head; mean body weights in estima- 
tions on different tissues varied from 231 to 250 g. Adrena- 
line and noradrenaline were estimated in extracts prepared 
from whole diaphragm (after removal of central tendon and 
phrenic nerve), heart, spleen, brain and lungs, both kidneys 
and about 2 g. each of liver, retroperitoneal fat and leg 
muscles (semitendinosus, semimembranosus, biceps femoris 
and gastrocnemius). Liver, spleen and brain were dis- 
persed in a Potter-Elvehjem homogenizer in 4 vol. of 
methanol containing 2-5% (v/v) N-H,SO,; the other 
tissues were ground in a mortar in acid methanol with acid- 
washed sand. After centrifuging at 3000 rev./min. for 
3-10 min. each supernatant was decanted and mixed with 
2-4 drops of n- HCl. The residue was re-extracted twice with 
acid methanol (2 vol.). The three supernatants were 
combined and shaken with water and n-butanol (20 vol. 
each). Occasionally more water was necessary to effect 
separation, and more N-HCl to reduce the pH of the aqueous 
layer below 3. After withdrawing the aqueous layer the 
n-butanol was twice re-extracted with 0-01 N-HCI (10 vol.). 
An appropriate amount of the aqueous extract was concen- 
trated in vacuo at 37-40° to half of its original volume. A 
solution (5 ml.) containing 1% (w/v) Na,S,0;,5H,O and 
0-5mM-K,HPO, was added and the pH adjusted electro- 
metrically to 8-4-8-6 by addition of Na,CO,. [Although the 
K,HPO, used for this work was satisfactory, some other 
batches were subsequently found to cause very low re- 
coveries of adrenaline and noradrenaline; in its place 2 ml. 
of sodium acetate solution (Weil-Malherbe & Bone, 1952) 
and 5 ml. of a solution containing 2% (w/v) Na.S,0,,5H,O 
and 1% sodium ethylenediaminetetraacetate (pH 7-2) were 
used.] The adrenaline and noradrenaline in the buffered 
solution were adsorbed on a column of alumina, eluted and 
condensed with ethylenediamine as described for blood by 


Weil-Malherbe & Bone (1952), except that only 0-4 ml. of 
ethylenediamine dihydrochloride solution was used; this 
was to prevent turbidity developing in the soliions. The 
solutions were extracted with isobutanol. Fluorescence was 
then determined within 24 hr. with yellow and blue-green 
filters (Weil-Malherbe & Bone, 1953) and 0-1 or 0-2 yg. 
adrenaline and noradrenaline standards. 

Paper chromatography. Tissue extracts were passed 
through a column of alumina; the alumina was washed with 
5 ml. of acetate solution (Weil-Malherbe & Bone, 1952) and 
15 ml. of water, and the amines were eluted with 0-05N-HCl 
instead of 0-2m acetic acid, to reduce the solubility of 
inorganic salts in acetone. A part of the eluate was removed 
for estimation of the noradrenaline and adrenaline present 
at this stage. The rest of the eluate was concentrated in vacuo 
to 0-05 ml., 5-8 ml. of acid acetone (1 ml. of cone. HCl/ 
100 ml. of acetone) was added and the mixture centrifuged ; 
the process was repeated with the supernatant and the 
second supernatant concentrated before applying to paper. 
The residues, soluble in water, were kept at 4° for estimation. 
The chromatograms were run for 10-18 hr. on 8 em. x 50 em. 
paper. When phenol—water was used as solvent the pro- 
cedure was that described by Weil-Maiherbe & Bone (1954). 
With other solvents the chromatograms were photographed 
with ultraviolet light (Markham & Smith, 1949, 1951). The 
guide strip was sprayed with a mixture of 1 part of ethylene- 
diamine and 8 parts of 2N-NH, soln. (Brodie, Axelrod, Shore 
& Udenfriend, 1954), and the positions of the catecholamines 
were defined by their fluorescence in ultraviolet light. Appro- 
priate areas of the chromatograms were cut out and ex- 
tracted for 16-22 hr. at 4° with 10 ml. of 0-01N-HCl. The 
noradrenaline and adrenaline in these extracts, in the 
residues froma the acid-acetone precipitations and in the 
part of the solution removed before paper chromatography 
were determined after condensation with ethylenediamine. 

For most experiments Whatman no. 1 paper treated with 
HCI and ethylenediaminetetraacetate (Eggleston & Hems, 
1952) was used. For the experiment with diaphragms 
(Table 1) Grycksbo OB paper (gift from Dr U. Hamberg- 
Lindgren) was used; this gave a similar blank value to 
Whatman no. 1 paper with a greater rate of solvent flow 
(49 em. in 10 hr.). The Whatman no. 1 paper for the last 
experiment of Table 1 had been treated with acetic acid, 
lithium hydroxide and calcium acetate by a shortened 
modification of the method ef Connell, Dixon & Hanes 
(1955). This removed coloured matter from the paper but 
appeared to reduce the recovery of the amines. 

Bio-assay. For biological estimations elution of the 
alumina column was carried out with 2—5 ml. of 0-2 acetic 
acid only. The method of assay based on regular stimulation 
by acetylcholine (Jalon, Bayo & Jalon, 1945) was applied to 
rat uterus and ascending colon as described by Gaddum, 
Peart & Vogt (1949) ina 3-5 ml. bath. The bath solution was 
either Gaddum & Lembeck’s (1949) fluid, gassed with O, but 
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containing only 0-03 g. of CaCl,/1., or a buffer gassed with 
O, + CO, (95:5) and containing (g./l.) NaCl, 8-0; KCl, 0-4; 
CaCl,, 0-03 ; NaHCO,, 1-4; glucose 1-0 and crude carbonic 
anhydrase solution prepared from human blood (Roughton 
& Clark, 1951) equivalent to 1 ml. of washed erythrocytes/I. 
There was no detectable change of pH when 0-2 ml. of 
0-001 n-HCl was added to 2-5 ml. of this buffer; standard 
solutions and eluates were adjusted to pH 3-4, but to 
pH 5-7 when the modified Gaddum & Lembeck’s fluid was 
used. Biological estimates were taken as the average of two 
limiting values varying by a factor of 1 or 2. A part of each 
test solution was estimated chemically immediately after 
bio-assay. 

Statistics. The function 100 s.2./% is termed the ‘per- 
centage standard error’. Correlation coefficients (7) were 
calculated as 

X(xy) — Nz 
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(e.g. Paradine & Rivett, 1953); 7 was transformed to z, and 
the significance of z assessed from the formula ¢ =z,/(n — 3) 
(Fisher, 1944). Estimates of adrenaline and noradrenaline 
concentrations have been expressed correct to two significant 
figures, but three have been used in calculating statistics, 
The percentage of adrenaline in a mixture of adrenaline and 
noradrenaline has been referred to in the text as the 
‘adrenaline percentage’. 


RESULTS 


Preliminary experiments with rat liver showed that 
extraction with acid methanol produced consider- 
ably larger yields of adrenaline and noradrenaline 
(140-500 %) than extraction with aqueous 10% 
(w/v) solutions of trichloroacetic, phosphotungstiec, 
sulphosalicylic, metaphosphoric, tannic or hydro- 


(Za? — FEzx) ./(Ly* - Ey) 


Table 1. Recovery of noradrenaline and adrenaline by paper chromatography 


The descending method was used for all except the first two experiments. For paper used see Methods. Solvent 
mixtures: 1, phenol-water (3:1, w/v) as used ,by Weil-Malherbe & Bone (1954); 2, n-butanol satd. with Nn-HCl 
(Hamberg & Euler, 1950); 3, tert.-butanol-formic acid—water (8:1:2 by vol.) (Ellman, 1955). In the first four experiments, 
adrenaline (A) and noradrenaline (N) were added to half of the solutions used for chromatography, and each half was 
treated separately. In subsequent experiments the solution was concentrated as a whole, treated twice with acid acetone, 
and A and N were added with a micrometer syringe to part of the final supernatant. The amounts of A and N found after 


addition of these amines to tissue extracts have been corrected by subtracting the amounts of preformed amines. 


After elution 


After paper 





from alumina chromatography Percentage 
(umg./g. of tissue) (umg./g. of tissue) recovery 
cf Solvent - A c P 

Tissue N A Additions mixture N A N A 
Liver 35* 15* None 1 30 8-0 86 53 
0-5 pg. of A 1 820 330 82 66 

1-0 yg. of N 
Heart 390 110 None 1 220 70 55 64 
Vitamin C 1 140 70 36 64 
1-Oyg. of A 1 770 730 39 73 

2-0 wg. of N 
Vitamin C 1 690 850 34 85 

1-0 yg. of A 

2-0 ug. of N 
Heart 240 87 None 2 98 44 41 50 
Kidney 37 12 None 2 19 14 52 120 
Diaphragm 49 12 None 2 34 9-9 86 2 
0-5 pg. of A 2 1470 400 74 81 

2-0 ug. of N 
Brain 150 18 None 3 62 18 42 99 
1-Oyug. of A 3 1650 890 41 89 

4-0 yg. of N 
Brain 110 34 None 2 68 28 61 83 
0-5 ug. of A 2 1400 450 70 91 

2-0 ug. of N 
Spleen 200 24 None 3 140 19 70 79 
0-5 pg. of A 3 1470 340 7 68 

2-0 pg. of N 
Spleen 120 15 None 2 28 8-1 -- — 
397 2-7} 57 72 
0-5 pg. of A 2 940 370 63 73 


1-5 yg. of N 


* The method of Lund (1949, 1950) gave 42 and 13 respectively. 
+ Obtained from the residue from acetone treatment. 
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ferrocyanic acids, or after saturation of aqueous 
extracts with (NH,),SO,. Concentrations of 
adrenaline and noradrenaline, and recovery of 
added amines, were only slightly lower after 
extraction with aqueous HCl (optimum concentra- 
tion 0-1 N) than after extraction with acid methanol, 
but HCl and most of the aqueous acids had the 
disadvantages that separation from n-butanol was 
slower and the aqueous layers obtained were not 
usually clear even after concentration, that the 
filtration rate through alumina was very variable, 
sometimes very slow, and that the first HCl extract 
was the most highly coloured; in contrast, succes- 
sive acid-methanol extracts contained increasing 
amounts of pigment. With acid methanol the 
purified tissue extracts were clear and colourless 
except for those from kidneys (pale yellow), and 
those from liver and fat which were sometimes 
turbid. When liver was dispersed in acid methanol 
and kept at 4° for 2-18 hr., the yields of adrenaline 
and noradrenaline were increased by less than 5%. 


Specificity of the method 

Recovery of added amines. Recovery of a mixture 
of 0-05 yg. of adrenaline and 0-1 yg. of noradrenaline 
added to 2 g. of liver homogenate averaged 71% 
adrenaline (s.E. 7-5) and 84% noradrenaline (s.E. 
9-8) in fourteen experiments. 

Paper chromatography. Table 1 shows the results 
of nine experiments with from 5 to 33 g. of tissue. 
Residues from acid-acetone treatment, when 
dissolved in water, yielded fluorescence after 
treatment with ethylenediamine. This is partly due 
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to some retention of adrenaline and noradrenaline 
(Weil-Malherbe & Bone, 1954). Fluorescence 
appeared to be increased, however, by traces of 
acetone which were difficult to remove, and the 
value obtained from the residue was included in per- 
centage recoveries only in the last experiment. Here 
the residues were large and were taken up in HCl, 
concentrated, applied to paper, and chromato- 
graphed. Pure noradrenaline and adrenaline 
applied to paper in both acid-acetone and aqueous- 
acetone solutions showed that acetone does not 
appear to interfere with the estimation of eluates 
from paper chromatograms. The percentage re- 
coveries of preformed and of added amines were 
similar in every experiment. The results justify the 
provisional conclusion that the substances ex- 
tracted from tissues and estimated fluorimetrically 
are noradrenaline and adrenaline. 

Bio-assay. Table 2 shows the result of thirteen 
simultaneous chemicaland biological determinations 
of noradrenaline and adrenaline in tissue extracts. 
Although the concentrations of noradrenaline and 
adrenaline cover a wide range, which has enhanced 
the significance of the correlation coefficients r and z, 
the mean values show excellent agreement. The 
fact that the mean noradrenaline concentration 
determined biologically was greater than that from 
chemical estimation is evidence against erroneously 
high chemical estimates due, for example, to hydr- 
oxytyramine or 3:4-dihydroxyphenylacetic acid. 
The ‘adrenaline percentages’ in these experiments 
were lower and more variable than usual (see 
Table 3); this was probably due to the extra time 


Table 2. Comparison of biological with chemical estimation of noradrenaline and adrenaline 


Tissue extracts were eluted from alumina columns with acetic acid. Amounts of noradrenaline (N) and of adrenaline (A) 
are expressed as wmg./g. of tissue. % A is the ‘adrenaline percentage’. 


Biological method 


SSS 
Tissue N A 
Heart 330 sl 
390 49 
350 26 
500 73 
290 40 
210 160 
Kidneys 120 25 
210 14 
100 3-6 
77 22 
Liver 24 0-8 
Diaphragm 380 0-9 
Skeletal muscle 20 0-7 
Mean values 230 38 


Noradrenaline 


rand P 0-8491 <0-001 
zand P 1-253 <0-001 
tand P 3-962 <0-01 


36 


Chemical method 


\ SS a. 
YA N A MA 
20 310 43 12 
11 280 71 20 

6-9 340 50 13 
13 350 7 17 
12 180 20 10 
42 360 130 26 
18 99 9-3 8-6 

6-4 95 22 19 

3-5 82 14 14 
22 89 11 ll 

3-1 56 1-8 3-1 

0-2 260 4-2 1-6 

3-2 30 1-4 4-6 
12 190 35 12 

Adrenaline Adrenaline percentage 


0-6226 <0-02 
0-7287 <0-01 
2-304 <0-05 
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0-9134 <0-001 
1-548 <0-001 
4-895 <0-001 





562 


needed to extract the necessarily larger amounts of 
tissue and to assay the extracts biologically. In 
particular, in the experiment on skeletal muscle, 
the entire musculature except for diaphragm and 
head muscles was put through a Latapie mill before 
being mixed with acid methanol ; the estimations on 
liver and diaphragm suffered a corresponding delay. 
The experiments were not intended to indicate the 
true concentrations of noradrenaline and adrenaline 
in tissues, but to compare two different methods of 
assay. 

Enzymic destruction of catecholamines in liver. 
Two 2 g. samples of liver were dispersed in 2 ml. of 
water and incubated for 1 hr. at 37°; afterwards 
they were diluted with 12 ml. of acid methanol and 
treated as usual. No fluorescence was detected. 

Catalytic oxidation of tissue catecholamines. 
Twelve eluates obtained from liver, and one from 
diaphragm, were adjusted with NH, soln. to pH 12, 
and CuSO, was added to a concentration of 10-4m. 
Half were kept at 4° for 2 hr. and the others boiled 
for 15min. After condensation with ethylenedi- 
amine no fluorescence was detected. 

Test for interference by coloured tissue components. 
Unpurified acid-methanol extracts of leg muscles, 
fat and brain are colourless in contrast to those 
of the other organs investigated. Acid-methanol 
extracts of leg muscles, after treatment with n- 
butanol and extraction with HCl, were divided into 
three parts. One was shaken with the combined 
highly coloured n-butanol residues from spleen and 
lung after these had been extracted with HCl, 
and the aqueous layers were concentrated before 
filtration through alumina. Another was concen- 
trated after addition of a similarly treated n- 
butanol extract from a diaphragm; the remainder 
was treated as usual and gave slightly higher values 
for both noradrenaline and adrenaline (43 and 
8-0 umg./g. respectively) than either of the other 
two (39 and 41mg. of noradrenaline/g., 7-3 and 
6-4 umg. of adrenaline/g.). If impurities soluble in 
n-butanol contribute to the relatively high fluori- 
metric readings of diaphragm and spleen, some of 
these impurities would be expected to be present 
also in subsequent extractions of the n-butanol 
with HCl. 

Experimental error 

Variation of results was investigated by analysing 
four samples of liver from the same rat, and one 
sample from each of four different rats on each of 
4days. Analyses of variance showed that variations 
between different rats were significantly greater 
when the analyses were carried out on different 
days than when undertaken simultaneously ; when 
carried out simultaneously, variations between 
different rats, with the probable exception of 
noradrenaline concentration, were not greater than 
variations in different samples from the same rat. 
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Since day-to-day variations were known to occur in 
the power supply to the fluorimeter, the effect of 
different lighting conditions was investigated with 
a voltage regulator (Variac; Claude Lyons Ltd., 
London) to vary the power supply to the mercury 
lamp by stages over a range of 125—250v. A photo- 
multiplier tube in conjunction with a galvanometer 
(‘Scalamp’; W. G. Pye and Co. Ltd., Cambridge) 
replaced the photocell attachment to the Unicam 
spectrophotometer previously used. 

Readings of blank, pure noradrenaline and 
adrenaline solutions increased as the voltage was 
increased, and vice versa; the changes were rapid 
above 200—-215v. The readings of the noradrenaline 
standard varied from 36 to 42 % of those of adrena- 
line with the yellow filter; with the blue-green filter 
they varied from 125 to 95 % when the voltage was 
increased from 125 to 215v; with 240—250v the 
percentage readings decreased to half or one-third 
of their previous values, that is, differentiation 
between adrenaline and noradrenaline was reduced; 
this was only partly reversed when the voltage was 
subsequently reduced to 125. With voltages in- 
creasing from 125 to 215, the maximum deviation 
of calculated from theoretical composition of a 
mixture of 0-lyg. of adrenaline and 0-2 yg. of 
noradrenaline was 12%; but with 240 and 255v 
there appeared to be no noradrenaline in the 
mixture; adrenaline estimates were increased. 
However, the very high readings of all solutions 
and the reduced differentiation between noradrena- 
line have never been observed in normal practice; 
readings usually correspond with those obtained 
between 200 and 215v in this experiment. Varying 
light intensity as a cause of day-to-day variation 
remains an unproven possibility; more recent 
investigations suggest that the power supply to the 
units measuring the fluorescence, which was not 
intentionally varied in the above experiments, may 
be a source of error. Experimental errors, whatever 
their cause, are incorporated in the statistical 
evaluation of results. 


Noradrenaline and adrenaline concentrations 
in rat tissues 


Mean concentrations of noradrenaline and adrena- 
line and mean ‘adrenaline percentages’ found in 
nine rat tissues are shown in Table 3. The concentra- 
tion of noradrenaline found in spleen has been com- 
pared with those in the other tissues and the 
significance of the differences is shown in the table. 

Since experiments still in progress have indicated 
that there may be considerable seasonal variation of 
the catecholamine contents of heart, kidneys and 
liver, it should be stated that the values in Table 3 
were obtained from analyses carried out mostly in 
October, but also in September and November. 
Several tissues were always analysed together, and 
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if five sets of analyses carried out simultaneously on Table 4 shows results of other workers for nor- 
the different tissues during one of these months only adrenaline and adrenaline concentrations in rat 
are compared, alterations of the relative values tissues other than suprarenals; those of Leduc, 
shown in Table 3 are not large (maximum 14%). Dubreuil & D’ITorio (1955), which also were obtained 
by an extension of the method of Weil-Malherbe & 
Bone, are in good agreement with those found here. 
The other noradrenaline concentrations show fair 
The method provides good average recoveries of agreement. 

adrenaline and noradrenaline; bio-assay and paper Optimum extraction of amines was obtained 
chromatography have provided satisfactory evi- with concentrations of both sulphuric acid in 
dence of its specificity under the experimental methanol and of aqueous hydrochloric acid which 
conditions used; the estimated substances dis- resulted in homogenates of about pH 5. The poor 
appeared when means were used which are known to results obtained with, for example, 10% aqueous 
destroy adrenaline and noradrenaline. Although trichloroacetic acid, which is in common use for 
absolute specificity can never be guaranteed, no extraction of ‘sympathins’, may therefore have 
evidence was obtained that these were not the sub- been due to its lower pH; a 10% solution of 
stances estimated. this acid in n-butanol, in which ionization is 


DISCUSSION 


Table 3. Concentrations of noradrenaline and adrenaline in rat tissues 


Results are given as means+s.£. with percentage standard errors in parentheses. The last two columns give means of 


limiting values found in sheep tissues by Euler (1954). 
Significance of 


differences 
between splenic Sheep tissues 
and other (umg./g. of tissue) 
Noradrenaline Adrenaline noradrenaline a 
No. of (umg./g. (wmg./g. ‘Adrenaline concentrations Nor- 
Tissue estimations _ of tissue) of tissue) percentage’ P adrenaline Adrenaline 

Heart 25 530+44 160+ i7 25+1-8 <0-001 850 150 
(8-2%) (10%) (72%) 

Brain ll 440+41 210+7°8 3442-7 <0-001 80 — 
(9:5%) (3:7 %) (7-°8%) 

Spleen 13 260+ 33 6448-4 22+2-6 — 3150 55 
(13%) (13%) (12% 

Diaphragm 20 220+ 12 5446-5 20+2-1 <0:3 = — 
(5-5 %) (12%) (11%) 

Kidney 20 160+17 43+5-0 2241-5 <0-01 500 60 
(11%) (12%) (6-8.%) 

Liver 25 80+6-7 22+3:°1 2141-8 <0-001 175 9 
(8-3.%) (14%) (8-5 %) 

Retroperitoneal fat 13 69-+17 19+3-9 2343-3 <0-001 a — 
(24%) (20%) (14%) 

Lung 13 62+6-5 23+2-1 2842-2 <0-001 90 6 
(10%) (9-2%) (7-8%) 

Leg muscles 20 5243-9 15+1-5 22+1-9 <0-001 25 1:3 
(7-4%) (10%) (8-4%) 


Table 4. Concentrations of noradrenaline and adrenaline in rat heart, spleen and liver 


The results of Leduc et al. (1955) were given as pmg./g. of nitrogen. Their values have been converted into umg./g. of 
tissue by assuming that there were 32 mg. of nitrogen/g. of tissue. 


Noradrenaline Adrenaline 
Tissue (umg./g. of tissue) (umg./g. of tissue) Authors 
Heart 670 to 720 20 to 44 Goodall, 1951; Hékfelt, 1951 
500 97 Leduc e# al. 1955 
Spleen 410 79 Suler & Hoékfelt, 1951 
300 67 Ledue et al. 1955 
Liver 40 to 59 2 Goodall, 1951; Hékfelt, 1951 
45 21 Leduc et al. 1955 
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reduced, produced much better yields of cate- 
cholamines. 

Whole organs were usually extracted to avoid 
possible irregularity due to unequal distribution of 
adrenaline and noradrenaline within an organ. 
Unequal distribution has been found in heart 
(Goodall, 1951) and brain (Vogt, 1954). Since the 
percentage standard error for liver, only a part of 
which was taken, was not greater than those of 
organs taken in toto, no evidence was obtained for 
unequal distribution in this organ. On the other 
hand, this might be the cause of the larger ‘per- 
centage standard errors’ of estimations on retro- 
peritoneal fat. 

The absolute concentrations of adrenaline and the 
‘adrenaline percentages’ found here are higher than 
those usually reported (Euler & Ho6kfelt, 1951; 
Goodall, 1951; Hékfelt, 1951; Euler, 19516, 1954; 
Mirkin & Bonnycastle, 1954), but accord fairly well 
with those found by Ledue e¢ al. (1955), and with 
that found in human blood by Weil-Malherbe & 
Bone (1953, 1954). The amounts of adrenaline 
found here have been verified as stated above, and 
‘adrenaline percentages’ were similar with a modi- 
fication of the method which produced higher 
absolute values of both amines. ‘Adrenaline per- 
centages’ were more uniform in different organs 
than those found by Euler (195la,b; 1954) in 
-attle and sheep. Since adrenaline concentrations 
are lower than those of noradrenaline, failure to 
extract adrenaline adequately would result in a 
ratio which varied unduly; the greater uniformity 
found here could be taken as further support for the 
method. Brain had the highest adrenaline per- 
centage of the nine tissues examined; this might be 
related to the greater efficacy of adrenaline com- 
pared with noradrenaline in inducing electrical 
activity of the hypothalamus (Porter, 1952), an area 
known to be rich in catecholamines (Vogt, 1954). 

The noradrenaline and adrenaline concentrations 
found here in rats have been compared in Table 3 
with the most recent findings of Euler (1954) in 
sheep; species differences are very obvious in 
spleen and brain, and in rats the very much higher 
concentrations in diaphragm than in leg muscles 
are notable. The noradrenaline contents of organs 
have been attributed to their contents of adrenergic- 
nerve fibres (Euler, 1950, 19516, 1954; Euler & 
Uddén, 1951), partly on account of a correlation 
between sympathetic innervations and such nor- 
adrenaline concentrations as were found by Euler; 
2 similar noradrenaline concentration in all adren- 
ergic-nerve endings of any species is implied. But in 
rats, injections of insulin (Montagu, in preparation), 
of ACTH or propylthiouracil (H6kfelt, 1951), in- 
jection of adrenaline or feeding of iodinated casein 
(Ledue et al. 1955), which cannot increase the 
numbers of adrenergic-nerve fibres, each signifi- 
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cantly increases the noradrenaline content of some 
but not of other organs; seasonal changes in nor- 
adrenaline distribution may also occur. Either, 
therefore, noradrenaline is not always confined to 
adrenergic-nerve fibres or its concentration can be 
different in different fibres. 

Tissue concentrations of noradrenaline 
under many conditions such as thyroid activity, 
which in most species affect the metabolism of other 
cells besides neurons (e.g. Euler, 195la, b; Euler & 
Ho6kfelt, 1951; Euler & Uddén, 1951; Hékfelt, 1951; 
Ledue et al. 1955); noradrenaline unassociated with 
adrenergic nerves has already been shown in several 
tissues of different species (brain, gliomas, chro- 
maffin tissues; Blaschko, 1950; Biilbring, Philpot & 
Bosanquet, 1953; Euler, 195la; Vogt, 1954). The 
fact that section of the sympathetic innervation of 
certain organs reduces or abolishes the sympathetic 
activity of extracts of those organs (kidney, spleen, 
heart and salivary glands; Cannon & Lissdk, 1939; 
Euler, 19516; Euler & Purkhold, 1951; Goodall, 
1951) can be taken as evidence for the fact that 
adrenergic nerves contain noradrenaline, but could 
be due in part to removal of an effect of sympathetic 
innervation on synthesis, uptake or storage of 
‘sympathin’ by surrounding cells. 


vary 


SUMMARY 


1. The method of Weil-Malherbe & Bone (1952, 
1953) for estimating adrenaline and noradrenaline 
in blood has been extended to rat tissues; satis- 
factory evidence for its specificity has been obtained 
in a number of ways, including paper chromato- 
graphy and comparison with bio-assay. 

2. Adrenaline and noradrenaline have been esti- 
mated in nine rat tissues; mean values, in pmg./g. 
of tissue, were noradrenaline (adrenaline), heart 530 
(160); brain 440 (210); spleen 260 (64); diaphragm 
220 (54); kidney 160 (43); liver 80 (22); retroperi- 
toneal fat 69 (19); lung 62 (23); leg muscles 52 (15). 

3. The proportion of adrenaline in mixtures of 
noradrenaline and adrenaline varied from 20 to 
34%; it was highest in brain and lung. 

4. It is concluded that noradrenaline may not be 
confined to adrenergic-nerve endings. 

I am sincerely grateful to Dr H. Weil-Malherbe for very 
helpful criticism and advice, and to Mr A. D. Bone for 
carrying out the first four experiments on paper chromato- 
graphy; I am also grateful to him and to Mrs N. A. E. 
Stephens for other technical assistance. The work was 
supported by a grant from the Medical Research Council. 
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Fractionation of Basic Proteins and Polypeptides 
CLUPEINE AND SALMINE 


By F. S. SCANES anv B. T. TOZER 
Microbiological Research Department, Porton, Wilts 


(Received 10 October 1955) 


Interest in the biological action of polypeptides and 
low-molecular-weight proteins with a high arginine 
content led to a study of the purity of such com- 
pounds. Classical methods of purification have 
already been used on clupeine, e.g. fractional pre- 
cipitation or extraction, or both, of the methyl ester 
hydrochlorides (Felix & Dirr, 1929; Felix & Mager, 
1937), of the picrates (Ando, Ishii, Hashimoto, 
Yamasaki & Iwai, 1952) and of the sulphates 
(Waldschmidt-Leitz, Kuhn & Zinnert, 1951). Until 


recently the application to these compounds of 


methods of purification such as chromatography 
and countercurrent distribution between solvents 
had not been described. The present paper describes 
the application of these techniques to a commercial 
sample of clupeine leading to the partial separation 
and identification of the components of clupeine 
and, to a lesser extent, salmine. 

The method of assay used in the present work was 
based on the modified Sakaguchi—-Weber procedure 
(Weber, 1930) for determination of arginine, but 
was applied to the whole protein. This method 


readily lends itself to the routine analysis of the 
large number of protamine samples obtained by 
chromatographic and countercurrent fractionation 
procedures, and has been used in the fractionation 
studies (to be published) of another polypeptide 
containing high arginine, namely, licheniformin. 

A number of two-phase systems was examined for 
suitability in countercurrent distribution but only 
one system, containing n-propanol and a concen- 
trated salt solution, was found to give satisfactory 
fractionations. A similar system for the fractiona- 
tion of clupeine had been described by Felix (1953), 
but at the time when our investigations were made 
we were not familiar with this work. In view of the 
complexity of the results obtained a brief outline of 
our main methods and results of fractionation is 
given here. 

A preliminary countercurrent distribution showed 
the presence of at least two major and several minor 
components in our crude clupeine sulphate. By the 
use of a 50 tube machine and a greater number of 
transfers a distribution curve (Fig. 1) was obtained 
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A 150-transfer distribution (50 tube machine) of crude clupeine in n-propanol-3M sodium acetate (1-5:1, v/v). 


@—@, Experimental; ——, calculated. 


which indicated the presence of at least three major 
components with partition coefficients so close that 
a much larger machine would be necessary to give 
a good separation. Two clupeine fractions L and H 
containing components of low and high partition 
coefficient (K) respectively were isolated in such 
a manner that clupeines of intermediate K were 
absent. Whilst these fractions, which were shown by 
further countercurrent distribution to be complex, 
were of no great theoretical interest, they proved to 
be of considerable value in the elucidation of other 
fractionation techniques. 

Chromatographic methods of separation were 
investigated but efficient fractionation was obtained 
only by elution chromatography from basic alumina. 
The elution curve (Fig. 2) shows two minor 
(W, X) and two major (Y, Z) peaks. Clupeine 
isolated from each of these peaks gave only a single 
peak when re-chromatographed, indicating that 
true fractionation had been obtained. Counter- 
current distribution studies of clupeines W and X 
showed that both were complex and contained 
clupeines of low and high K. Clupeine Y was also 
complex, containing a low K component (Y1) and 
high K components (Y2, Y3) but none of inter- 
mediate K value. Clupeine Z, on the other hand, 
showed the characteristic distribution curve of a 
homogeneous substance of intermediate K value. 

The chromatographic behaviour of clupeines L 
and H supported this picture of the complexity of 
crude clupeine and of the W, X and Y fractions. 
Both Land H showed W, X and Y peaks, and as was 
anticipated from the method of isolation neither 
showed the Z peak. 

The cold-water fractionation method of Wald- 
schmidt-Leitz, Zeigler, Schaffner & Weil (1931) 


sees 


100 400 500 


Clupeine in eluate (ug./ml.) 


200 3 
Vol. of eluate (ml.) 


Fig. 2. Elution of crude clupeine sulphate (50 mg.) from 
a column of 40 g. of alumina (type O) in a tube of 1-2 em. 
internal diam. Developing solvent: 0-5mM-K,HPO,. 


failed to yield a pure clupeine from our crude 
material, although the minor components W and X 
were eliminated. 


RESULTS 
Countercurrent distribution of clupeine 


Solvent system. Preliminary studies of two-phase 
systems suitable for partitioning clupeine showed 
that, because of the hydrophilic nature of clupeine, 
organic solvents with a high solubility for water were 
necessary. 

Anomalous countercurrent distribution patterns 
of clupeine sulphate were obtained in a system (see 
Experimental) containing phenol, citric acid and 
aqueous phosphate. Investigations showed that 
during a distribution the sulphate ion was concen- 
trated in the leading tubes, i.e. it moved as a high K 
component and independent of the clupeine, and 
also that the K of clupeine in this system was 
considerably decreased by the addition of SO,?- 
ions. These facts offer an explanation of the observa- 











: 





Vol. 63 


tions, obtained by analysis of both phases, of low K 
values for the clupeine in the leading tubes and of 
much higher K values for the clupeine remaining in 
the initial tubes. Whilst this effect might not reduce 
the degree of resolution obtained with clupeine 
components, it would invalidate any simple 
mathematical interpretation of the distribution 
curve, and hence the system was not investigated 
further. 

Systems in which two phases were produced from 
the aqueous solution of a water-miscible alcohol by 
the addition of large amounts of salt were next 
examined, and a system was selected with the 
following composition: 1-51. of n-propanol and 
1:01. of 3m sodium acetate. The system was 
equilibrated at 20° and as the phase compositions 
are somewhat dependent on temperature it was 
found desirable to control the temperature to + 1° 
during countercurrent distributions. 

Distribution of crude clupeine. A 30-transfer 
distribution in a 12 tube machine in the propanol— 
sodium acetate system indicated that our crude 
clupeine contained two main components with 
partition coefficients (K values 0-4 and 0-8), in 
addition to minor components with K values below 
and above these. It was deduced that with a 
greater number of transfers in a machine with more 
tubes a complete separation of the main components 
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should be possible. Fig. 1 shows the distribution 
curve of crude clupeine after 150 transfers in a 
50 tube machine. It will be seen that only partial 
separation of components has been achieved. 

Analysis of the curve showed that an over- 
simplified picture of the complexity of crude 
clupeine had previously been obtained, and indi- 
cated that a mixture of three major components and 
at least four minor components was the simplest 
that would fit the experimental results. As the 
ratios of the K values of adjacent components were 
less than two in all cases it was obvious that some- 
thing considerably larger than the 50 tube machine 
at our disposal would be necessary to effect a worth- 
while fractionation of the major components. 

Isolation and distribution of clupeines Land H. In 
view of the above findings further preparative 
fractionation of crude clupeine by countercurrent 
distribution was limited to the isolation of two 
fractions, L and H, which would be enriched in the 
major components of lowest and highest K (sub- 
sequently identified by elution chromatography as 
the components Y 1 and Y 2), and at the same time 
contain none of the third major component of inter- 
mediate K (subsequently identified as the chromato- 
graphic component Z). 

This was achieved by the scheme given in Table 1, 
which was based on the analysis of the distribution 





Table 1. Isolation of clupeines L and H by countercurrent fractionation of crude clupeine 


Crude clupeine sulphate (1-0 g.) in n-propanol system 


Fundamental fractions (0-11) 
pooled and clupeine recovered 
as the hydrochloride L1. 
Yield: 490 mg. 


12 tube (50 ml. phase capacity) 
distribution machine. 
30 transfers applied 


Withdrawn fractions (12-30) 
pooled and clupeine recovered 
as the hydrochloride H1. 
Yield: 420 mg. 


K =0-5* K=1-0* 
Ll Hl 
_———————— 
Fraction H1 was added to 
tube 1 of a 50 tube machine 
(10 ml. phase capacity) and 
after 14 transfers L1 was 
introduced into tube 0 and 
distribution continued for 
a total of 165 transfers 
Vetdeueuitel Fundamental Fundamental fractions Withdrawn Withdrawn 
fractions fractions 42-49 and withdrawn fractions fractions 
0-25 26-41 fractions 165-115 114-73 72-50 
Discarded Pooled and Discarded Pooled and Discarded 
clupeine clupeine 


recovered as 
the hydro- 
chloride L. 
Yield: 129 mg. 
K =0-4* 


recovered as 
the hydro- 
chloride H. 
Yield: 259 mg. 
K=1-1* 


* K=concn. in top phase/conen. in bottom phase; obtained by direct measurement. 





SCAN 


curve of crude clupeine (Fig. 1). After partial 
fractionation and isolation of the clupeine (see 
Experimental) the two fractions were fed back into 
the initial tubes of a 50 tube machine in such a way 
as to make use of the reflux principle, thus en- 
hancing the final degree of separation of clupeines 
with low and high K values. 

The two fractions were examined by counter- 
current distribution (150 transfers in the 50 tube 
machine). From an analysis of the distribution 
curves fraction L appeared to consist mainly of 
two components (K values 0-33 and 0-43) and 
several minor components, whilst H appeared to 
consist mainly of two components with K values 0-8 
and 1-0, and several minor components. 

Countercurrent distribution of clupeine fractions W, 
X, Y and Z. Crude clupeine was split into four 
components (W, X, Y and Z) by elution chromato- 
graphy from basic alumina (Fig. 2) and all these 
components were examined for homogeneity by 
analytical countercurrent distribution in the n- 
propanol-sodium acetate system. The distribution 
curves of clupeines W and X indicated that each of 
them was complex and contained several com- 
ponents with K values ranging from 0-25 to 1-7, i.e. 
a similar range to that found with crude clupeine. 

The distribution curve of the main chromato- 
graphic fraction, Y, showed that it also was com- 
plex, the theoretical analysis of the curve being 
given in Table 2. 
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Table 2. Theoretical analysis of countercurrent 
distribution curve of clupeine Y 
A 30-transfer distribution was carried out in a 12 tube 
machine on 25 mg. of clupeine Y. 


Yi Y2 Y3 


Clupeine component 


Estimated partition coefficient 0-43 0-96 3-13 
(K) of the component 
Amount (%) of component 40 50 10 


-_ a ie 
ab oa eo Oo nN a» 


Clupeine (% of total) 
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Fundamental series (tube no.) 


Fig. 3. A 49-transfer distribution (50 tube machine) of 
15 mg. of clupeine Z in n-propanol-3M sodium acetate 
(1-5:1, v/v). ——, Experimental; , calculated. 
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It will be seen that Y1 and Y 2 correspond with 
one of the main components in each of the fractions 
L and H, and it has been confirmed (see below) by 
elution chromatography that both L and H do 
contain a main component belonging to the Y 
complex. 

The distribution curve of clupeine Z, shown in 
Fig. 3, corresponded to that of a homogeneous 
compound of partition coefficient 0-7. 


Partition chromatography 


The use of the n-propanol-aqueous sodium 


acetate system in countercurrent distribution 
studies suggested that it might be of value in 


partition chromatography. The complete phase 
diagram (Fig. 4) of this system at 20° was deter- 
mined (see Experimental), and from these data a 
number of two-phase mixtures were selected and the 
correlation between the partition coefficient of 
clupeine and phase composition was determined. 
No suitable phase mixture was found, however, as 
the K values lay between 0-2 and 2-0, whereas K 
values in the range 0-1-0-02 or 10-50 are desirable 
for successful partition chromatography (Porter, 
1953). 
Adsorption chromatography 


Various chromatographic adsorbents were ex- 
amined and, whilst no adsorption of clupeine was 
obtained on calcium carbonate, acid-washed 
alumina, or on anion-exchange resins, almost 
complete adsorption took place with powdered 


cellulose, various Celite products, Decalso F (sodium 







o% kt 
; & “é Mh /\ 
2% 4 ly /\/\ 
o” WY 








bi foo 








"j00 90 80 y 60 50 40 30 20 10 0 
Water (%) 
0 10 20 30 40 50 60 70 80 90 100 


Sodium acetate (%) 


Fig. 4. Phase diagram of the n-propanol-aqueous sodium 
acetate system at 20°. The partition coefficients (K) refer 
to crude clupeine in the systems defined by the tie-lines. 
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aluminosilicate), Amberlite IRC50 and _basic 
alumina. Conditions for successful elution, how- 
ever, were established only with Amberlite TRC 50 
and basic alumina. Fractional elution from 
Amberlite IRC50, buffered at pH 4-4, with 0-2m 
sodium acetate—hydrochlorie acid buffers of de- 
creasing pH in the range 2-6—2-0 showed promise, 
and some clupeine fractions were isolated. When, 
however, these fractions were re-chromatographed, 
elution patterns identical with that of crude 
clupeine were obtained, showing that the apparent 
fractionation was only an increased removal of 
clupeine with increasing hydrogen-ion concentra- 
tion and not a separation into components. 

Elution chromatography from basic alumina. It 
was found that clupeine could be eluted in good 
yield from basic alumina, i.e. chromatographic 
alumina without pre-treatment, by means of di- 
potassium hydrogen phosphate. The degree of 
elution varied from 0%, with 0-1m phosphate, to 
nearly 100 % with 1m phosphate. The optimum con- 
centration for maximum efficiency of resolution of 
the clupeine was found to be 0-5M with the alumina 
O used in the preliminary experiments, and 0-45M 
with the alumina H used subsequently. A typical 
elution curve for crude clupeine is shown in Fig. 2, 
separation into two minor peaks W and X and two 
main peaks Y and Z being obtained. The relative 
distribution of crude clupeine between the four 
peaks is given in Table 3. 

The maximum loading of clupeine which would 
give efficient separation of the components was 
found to be 3 mg./g. of alumina, and this was used in 
the preparative work. For analytical purposes 
column loadings as small as 70 yg./g. of alumina for 
each clupeine peak could be employed, the lower 
limit of loading being dependent only on the sensi- 
tivity of the clupeine-assay method. 

In view of difficulties experienced in the isolation 
of clupeine from the column effluents, which 
appeared to be due to the presence of K* or HPO,?- 
or both, the use of other eluting agents was tried. 
Various sodium salts were effective in elution but of 
those examined none was of value in fractionating 
clupeine. 

Isolation of clupeine from column effluents. It was 
found that whilst clupeine could be quantitatively 
precipitated with phosphotungstic acid, recovery of 
clupeine from the complex was poor. Similar 


Table 3. Elution chromatography of crude clupeine 


from basic alumina 


Clupeine component éaa a | om z Z 
Amount of component in 6 6 59 25 


effluent (%) 
t 5 45 17 


Amount of component isolated 


(%) 
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behaviour had been observed in the recovery of 
clupeine from sodium acetate solution and was 
solved by the removal of the acetate ion before 
complex formation. In this case, however, removal 
of the phosphate ion did not yield solutions from 
which clupeine could be isolated via the phospho- 
tungstate. 

Phosphomolybdic effect 
complete removal of clupeine from phosphate 
solution at pH 5-6, and the clupeine was recovered 
from the precipitate in reasonable yield by extrac- 
tion with aqueous acetone containing hydrochloric 
acid. As a result of occasional failures to obtain 
good recoveries by this technique (see method I in 
Experimental) the concentration of acid in the 
aqueous acetone was increased from 0-4 to 1-7N, 
thus ensuring clupeine recoveries of at least 80%. 
The use of the more concentrated acid may, how- 
ever, have resulted in degradation of at least one of 
the clupeine components, as some samples of 
clupeine Z isolated by method II (see Experimental) 
were found when examined by countercurrent 
distribution to contain, in addition to the Z com- 
ponent (K 0-7), a second component with a K 
greater than that of any of the main components of 
crude clupeine. 

Chromatographic behaviour of clupeines W, X, Y 
and Z. To obtain clear evidence that true fractiona- 
tion had been obtained by elution chromatography 
the main fractions Y and Z were rechromatographed, 
the results being given in Figs. 5a and 5b. W, X and 
Z were shown to be absent from the Y component 


acid was found to 
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Fig. 5. Elution of two clupeine fractions from columns of 
40 g. of alumina in tubes of 1-2 cm. internal diam. with 
0-5mM-K,HPO, as developing solvent. (a) 5-5 mg. of 
clupeine Y; (5) 2-6 mg. of clupeine Z. 
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and components W, X and Y were absent from the 
Z component. Further, the eluate volumes corre- 
sponding with the emergence of the clupeine com- 
ponents, and the position of the peaks, agreed with 
those observed for the Y and Z components from the 
fractionation of crude clupeine (Fig. 2). 

Chromatographic behaviour of clupeines L and H. 
The evidence of complexity of composition of 
clupeines W, X and Y afforded by countercurrent 
distribution studies suggested that further evidence 
of the composition of crude clupeine might be 
obtained by examination of the chromatographic 
behaviour of clupeines L and H. Peaks corre- 
sponding to components W, X and Y were found in 
the elution chromatogram of both L and H, but 
component Z was absent from both. These results 
confirmed the interpretation of the countercurrent 
distribution curves of components W, X, Y and Z, 
namely, that each of W, X and Y contained at least 
one low and one high K component whereas Z was 
the component of intermediate K eliminated during 
the isolation of clupeines L and H and is possibly 
a single substance. 


Purification of crude clupeine by a 
cold-water-extraction technique 

It has previously been reported (Waldschmidt- 
Leitz et al. 1931, 1951) that clupeine can be purified 
by repeated extraction with cold water, extraction 
being continued until no further removal of low- 
molecular-weight material occurs as measured by 
the approach of the ratio (total nitrogen/«-amino 
nitrogen) to a constant high value. 

Crude clupeine sulphate (10 g.) was dissolved in 
de-ionized water (140 ml.) at 35° and kept at 0° 
overnight. The mother liquor was removed and the 
residual oil redissolved in water (140 ml.) as before 
and again kept at 0° overnight. The extractions 
were repeated five times in all. After the last 
extraction the residual oil WE 1 and the fifth mother 
liquor WE2 were dissolved in de-ionized water 
(51. and 600 ml. respectively), and the clupeines 
WE 1 (4-4 g.) and WE2 (0-9 g.) isolated by freeze- 
drying. 

The ratio (total nitrogen/x-amino nitrogen) was 
found to have increased only from 101 for crude 
clupeine to 106 for clupeine WE 1 (cf. Waldschmidt- 
Leitz et al. 1931, 1951). WE1 was analysed by 
elution chromatography and found to contain only 
Y and Z components in the proportion 70:30, the 
W and X components having been eliminated. 
Examination of clupeine WE 2 by elution chromato- 
graphy confirmed that five extractions were 
necessary, as WE2 contained a trace of W in 
addition to components X, Y and Z. 

The heterogeneity of WE1 was confirmed by 


countercurrent distribution in the »-propanol— 


sodium acetate system, the curve obtained by 150 
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transfers in a 50 tube machine indicating the 
composition given in Table 4. 

It will be observed that reasonably good an- 
alytical agreement is obtained from the distribution 
and chromatographic techniques, especially in 
estimating the Z content of the mixture. 


Application of the fractionation methods to salmine 


The analytical techniques and the methods of 
elution chromatography and countercurrent distri- 
bution were found to be applicable to a sample of 
commercial salmine (British Drug Houses Ltd.) 
with only minor modifications. 

As was found with clupeine the rate of elution and 
degree of fractionation of salmine from a basic 
alumina column were critically dependent on the 
nature and concentration of the eluting salt solution. 
Thus with basic alumina H columns prepared as 
for clupeine fractionation (see Experimental), and 
with salmine sulphate loadings of 0-25—4 mg./g. 
of alumina, elution was incomplete with 0-45m 
dipotassium hydrogen phosphate, whereas with 
0-55 solution very little separation into fractions 
was observed. Elution with 0-5m dipotassium 
hydrogen phosphate, however, was _ practically 
complete and gave an elution pattern qualitatively 
similar to that obtained with clupeine (Fig. 2), 
although there was a slightly greater overlap of the 
two major fractions. 

A 50-transfer countercurrent distribution of 
salmine in the n-propanol-sodium acetate system 
also gave a partial resolution of salmine into several 
components. An analysis of the distribution curve 
indicated the composition shown in Table 5. 


Amino acid composition of clupeine components 


The amino acid composition of clupeines L, H 
and Z was determined by starch chromatography 
(Moore & Stein, 1948, 1949) on acid hydrolysates. 


Table 4. Theoretical analysis of distribution curve 
of clupeine WE 1 obtained by cold-water extraction 


Clupeine component... Y’ =o Z Y¥2 

Partition coefficient of  <0-45 0-47 0-7 1-0 
the component 

Amount of component 10 38 32 20 


(%) 
Table 5. Theoretical analysis of distribution curve 
of crude salmine 


A 49-transfer distribution was carried out in a 50 tube 
machine on 15 mg. of crude salmine sulphate in the n- 
propanol-sodium acetate system. 


Estimated partition co- 0-32 0-64 1-0 1-44 
efficient of component 
Amount of component 4 60 20 12 
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Quantitative recoveries of arginine from synthetic 
mixtures containing more than 80% of arginine 
were not obtained by this method, and so arginine 
was determined in the hydrolysate by the modified 
Sakaguchi technique. The results are shown in 
Table 6. 

N-Terminal amino acids. Dinitrophenyl (DNP)- 
clupeines were prepared by reaction of clupeines 
with 1-fluoro-2:4-dinitrobenzene (FDNB) (Sanger, 
1945), the technique of isolation (see Experimental) 
being modified from that normally used for DNP- 
protein, as DNP-clupeines are water-soluble sub- 
stances. The DNP-clupeines were hydrolysed by 
heating with acid and the ether-soluble materials 
from the hydrolysates were analysed on two paper 
chromatogram systems (see Experimental), which 
were based on the general procedure of Blackburn & 
Lowther (1951). 

DNP-clupeine Z. After hydrolysis with 6N-HCl 
in a sealed tube at 100° for 16 hr. DNP-clupeine Z 
yielded DNP-alanine, the latter being identified on 
paper chromatograms and also by hydrolysis of the 
DNP-amino acid with ammonia (Lowther, 1951) 
and identification of alanine on a paper chromato- 
gram. It was found that the yield of alanine could be 
increased threefold if the time of hydrolysis was 
increased from 2 to 20 hr. 

DNP-clupeine Y. After hydrolysis under the 
conditions used for DNP-clupeine Z, DN P-clupeine 
Y yielded an amount of coloured ether-soluble 
material which was markedly smaller than was 
anticipated from the DNP content of the starting 
material. 

As proline was considered to be a possible N- 
terminal amino aciu (cf. Felix, Fischer, Krekels & 
Rauen, 1950) and in view of the reported instability 
of DNP-proline (Porter & Sanger, 1948; Bowes & 
Moss, 1953; Courts, 1954) to acid hydrolysis, the 
conditions recommended by Porter & Sanger for 
use with DNP-prolyl derivatives, namely, hydro- 
lysis for 16 hr. in a sealed tube with 12N-HCl instead 
of 6N acid, were tried but without success. DNP- 
salmine, which has been stated (Porter & Sanger, 


Table 6. Amino acid analysis of clupeine fractions 


Results are given as g. of amino acid residue/100 g. of 
clupeine base (water and ash free). 


Clupeine fraction 


Se SS ee 


Amino acid L H Z 
Alanine 3-6 3-7 4-2 
Arginine 81-5 85-5 83-1 
Glycine 1-4 0-1 Nil 
Leucine and/or isoleucine 1-2 0-2 Nil 
Proline 6-2 8-3 4-7 
Serine 6-3 4:7 59 
Threonine 3-9 2-8 Nil 
Valine 0-4 4:3 3-4 
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1948; Ando et al. 1952) to contain only proline as the 
N-terminal amino acid, was prepared for reference 
purposes. Once more after hydrolysis at 100° for 
16 hr. with 12N-HCl very little coloured ether- 
soluble material was obtained and paper chromato- 
graphy showed no DNP-proline but only the break- 
down product, 2:4-dinitrophenol, and unidentified 
yellow material. 

As a result of a study of the stability of DNP- 
proline under acid conditions, which will be reported 
separately, the conditions of hydrolysis for sus- 
pected DNP-prolyl compounds were amended to 
heating for periods of 2 and 4 hr. with 12N-HCl in 
an evacuated sealed tube at 100° (cf. Schramm & 
Braunitzer, 1953). Under these conditions DNP- 
salmine and DNP-proline both yielded ether-soluble 
yellow-coloured material which was shown by paper 
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Fig. 6. Absorption spectra of DNP-clupeine Y ( ), 
DNP-salmine (-——) and DNP-proline (...... ) in 1% 
NaHCoO,. 
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chromatography to contain dinitrophenol, a trace 
of DNP-proline and two other DNP derivatives. 
Further acid hydrolysis of the ether-soluble 
material, after removal of dinitrophenol, yielded 
more dinitrophenol and proline, the latter being 
identified by paper chromatography and by the 
isatin test (Grassman & Armin, 1934). 

The ether-soluble material from DN P-clupeine Y 
appeared to contain DNP-alanine in addition to the 
breakdown products of DNP-proline. This was 
confirmed by further acid hydrolysis of the ether- 
soluble material, when proline and DNP-alanine 
were obtained, the latter being identified as alanine 
after hydrolysis with ammonia. The yield of DNP- 
alanine from DNP-clupeine Y was about one-fifth of 
that obtained from DNP-clupeine Z and also about 
one-fifth of the total DNP-amino acid content 
indicated by the spectral absorption curve of DN P- 
clupeine Y. 


Absorption spectra of DNP derivatives 

The absorption spectra of the DNP derivatives of 
clupeines Y and Z, salmine, alanine and proline were 
determined and compared; the DNP-amino acids 
were examined at a concentration of 204M in 1% 
sodium bicarbonate solution, and the DNP- 
proteins at concentrations which gave approxi- 
mately the same peak absorption. The absorption 
spectra which are shown in Figs. 6 and 7 fall into 
two groups: DNP-clupeine Y and DNP-salmine 
exhibit the characteristic DNP-proline pattern 
(Fig. 6), whereas DNP-clupeine Z and DNP- 
alanine show (Fig. 7) the spectral characteristics of 
DNP-amino acids other than DNP-proline. Clu- 
peine Z, in common with the other unsubstituted 
clupeine components, shows a negligible absorption 
(Fig. 7) in the 250-470 mu. range. 


DISCUSSION 


The choice of conditions for successful fractionation 
of clupeine by elution chromatography appears to be 
very limited. Small changes in the concentration 
of the eluting solution affect the rate of elution and 
degree of fractionation very considerably, and in 
applying the method it is necessary to examine a 
range of eluting solution concentrations so as to 
obtain the optimum conditions for fractionation. 
The factors responsible for the resolution of crude 
clupeine into the four components W, X, Y and Z 
obviously differ from those involved in the fraction- 
ation of clupeine by countercurrent distribution in 
the n-propanol-sodium acetate system, as the 
complex components W, X and Y are all found to 
contain clupeines of both low and relatively high 
partition coefficients, some of which can be fairly 
distribution. 


readily resolved by countercurrent 


Thus the joint application of these two methods of 
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fractionation provides a powerful tool for the 
checking of homogeneity of clupeine samples. 

Countercurrent distribution of Y shows that this 
consists of about 40% of one component Y1 
(K 0-43) and 50% of Y 2 (K 0-96). The existence of 
these two components was confirmed by the chro- 
matographic behaviour of the L and H fractions 
which both showed a major peak in the Y position 
despite the fact that, by virtue of their method of 
isolation, they contained no component in common. 
The presence of about 25% of a component with a 
K between that of Y1 and Y 2 is indicated by the 
countercurrent pattern of crude clupeine. Clupeine 
Z, which represents about 25% of the crude 
clupeine, was found by countercurrent distribution 
to behave as a homogeneous substance of K 0-7, 
and the elution patterns of the chromatograms of 
L and H, which show a complete absence of Z, 
confirm that Z was the component of intermediate K 
eliminated in the isolation of the L and H fractions. 

Thus it can be seen that our crude clupeine con- 
sists of three main components, Y1, Z and Y 2, in 
addition to a minor component, Y 3, and two minor 
fractions W and X, both of which are complex. The 
partition coefficients of the components of the latter 
cover such a wide range that separation of these 
from the main components by countercurrent 
distribution in the n-propanol-sodium acetate 
system would be very difficult. They can, however, 
be readily separated from the Y and Z components 
either by elution chromatography from alumina 
columns or by the cold-water-fractionation method 
of Waldschmidt-Leitz et al. (1931). 

The value of the latter method for the purification 
of our crude clupeine is mainly limited to the 
removal of the minor components W and X, 
although examination by our fractionation tech- 
niques also shows some enhancement in the clupeine 
Z content and a considerable enrichment in clupeine 
Y1 as compared with clupeine Y 2. The failure of 
this extraction technique to yield a pure clupeine 
component suggests either that we are dealing with 
different clupeine components from those investi- 
gated by Waldschmidt-Leitz or that the relative 
proportions of the components in our clupeine are 
such as to make the technique relatively ineffective. 

The techniques developed for the fractionation of 
clupeine have been successfully applied to another 
protamine, salmine. A detailed study was not made, 
but sufficient evidence was obtained to show the 
presence of at least two main and two minor com- 
ponents in our salmine. It appears probable that 
these techniques could be applied to other prot- 
amines. 

The investigations of fractionation by chromato- 
graphic or distribution techniques are greatly 
facilitated by a rapid and reasonably accurate 
method of analysis, and the assay method described 
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in this work would appear to be generally applicable 
to the determination of all proteins which contain 
a sufficiently high arginine content. 

The amino acid analyses of hydrolysates of 
various clupeine fractions show that crude clupeine 
contains at least three components which differ 
qualitatively in their amino acid composition. 

The simplest amino acid pattern is shown by 
clupeine Z, which contains only four monoamino 
acids, namely alanine, proline, serine and valine. In 
this respect it resembles the clupeine of Wald- 
schmidt-Leitz et al. (1951), but there is no quanti- 
tative agreement and it differs markedly in the 
nature of the N-terminal group, as we found alanine 
whereas Waldschmidt-Leitz reported proline. 

Clupeine H, which is known to be a mixture of 
components, contains threonine and a trace of 
leucine or isoleucine or both, in addition to the 
above amino acids. Qualitatively this agrees with 
the clupeine C of Felix e¢ al. (1950), although 
our material has a considerably higher proline 
content. 

Clupeine L, which also is known to be a mixture, 
contains glycine and leucine or isoleucine or both, in 
significant amounts, but a much smaller proportion 
of valine than has been previously reported in 
clupeine samples. A clupeine fraction containing 
both glycine and leucine has been described by 
Sorm & Sormova (1951). 

Clupeine Y contains alanine and proline as N- 
terminal amino acids. The identification of proline 
as the N-terminal residue gave rise to unexpected 
difficulties but was eventually achieved by com- 
parison of the spectral-absorption curves of the 
various DNP-derivatives, DNP-prolyl peptides 
having the spectral characteristics of DNP-proline 
(Schroeder, Honnen & Green, 1953) and hence being 
readily detected. By this method salmine and 
clupeine Y are shown to have proline as an N- 
terminal amino acid, the proportion of N-terminal 
alanine in clupeine Y being insufficient to alter 
significantly the characteristic shape of the DNP- 
prolyl peptide curve (Fig. 6). 

The spectral-absorption curve of DN P-clupeine Z 
indicates an N-terminal group other than proline 
and this was identified in the usual manner as 
alanine. 

The fate of DNP-proline under acid hydrolysis 
conditions has been studied and reported separately 
(Seanes & Tozer, 1956). 

The complexity of some clupeine samples may be 
due to the method of isolation and fractionation, 
although species variation is obviously responsible 
for many of the reported differences in clupeine 
composition (ef. Ando et al. 1953). The examination 
of non-homogeneous material has undoubtedly con- 
tributed to the confused picture of the chemistry of 
the protamines, and it is thought that the fraction- 
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ation methods described in this paper could be of 
value in the checking of homogeneity of protamine 
samples. 


EXPERIMENTAL 


Materials 


The clupeine, which had been extracted from herring roe as 
the copper complex, precipitated as the picrate and finally 
isolated as the sulphate, and the salmine sulphate were 
obtained from British Drug Houses, Ltd., Poole. The 
alumina used in the chromatographic separation was 
activated alumina from Peter Spence and Sons, Ltd., 
Widnes. In the early experiments Type O alumina was 
successfully used, but later supplies of Type O alumina were 
found to be unsatisfactory and it was replaced by Type H 
alumina (100-200 mesh size). 


Analysis of fractions 


The direct determination of dry weight of protein in the 
various distribution or chromatographic fractions could not 
be effected because of the presence of salts. Analysis was 
therefore carried out by a determination of combined 
arginine on the whole protein by a modified Sakaguchi- 
Weber procedure (Weber, 1930). This procedure would be 
satisfactory if the constituent proteins had similar arginine 
contents and, in fact, the colour yields from crude clupeine 
and from partially purified components are almost identical. 
When purified components were available, however, 
reference has been made to the appropriate weight—colour 
calibration curve. 

Preparation of samples for analysis. Various substances 
which can react with hypobromite, such as phenol and 
alcohols, will interfere with the colour development and 
must be removed or suitably reduced in concentration 
before the colour is developed. Samples containing phenol 
were extracted with chloroform at pH 1-2, and alcohols 
such as n-propanol were removed by evaporation of the 
sample to dryness in a stream of warm air. 

In the case of effluents from alumina columns, inter- 
ference with colour development was marked, and to 
minimize this effect samples were diluted at least fivefold 
before analysis. As the final colour was still dependent on the 
concentration of column effluent in the sample until 
dilutions of at least 25-fold had been made, all samples were 
prepared so as to contain 20% of column effluent after final 
adjustment of the clupeine content (see below), if necessary 
by the addition of column effluent containing no clupeine. 
The latter was obtained from columns identical with the 
fractionating column but containing no clupeine. 

Calibration-curve samples were prepared with known 
amounts of the appropriate clupeine component, ifavailable, 
dissolved in solutions similar in composition to the fractions 
being analysed and prepared for analysis in an identical 
manner. 

Procedure. The sample, treated as above for interfering 
substances, was adjusted in volume with water to a concen- 
tration of 5-20ug./ml. A portion of this solution (2-5 ml.) 
was pipetted into an absorptiometer tube and 0-5 ml. of 
2n-NaOH and 0-1 ml. of 0-1% (w/v) ethanolic «-naphthol 
were added and well mixed. The optical density of this 
solution was measured in a Hilger Biochem absorptiometer 
with an OB2 filter and a 14 mm. diameter tube, and was 
a blank to be applied to the subsequent measurement. One 
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drop (0-04 ml.) of NaOBr (prepared daily by mixing equal 
volumes of water saturated with Br, at 0° and 2N-NaOH) 
was then added, the solution well mixed for 5 sec. and 0-5 ml. 
of 40% (w/v) aqueous urea solution immediately added and 
well mixed. The optical density was then determined with- 
out delay (as even with the use of urea some colour fading 
takes place after a minute or so) and compared with the 
calibration curve. 


Countercurrent distribution 


Solvent systems. A number of two-phase systems con- 
taining an organic solvent with a high solubility for water 
were examined for suitability in fractionating clupeine. The 
two systems which were studied in detail were as follows: 
(i) the phenol system, prepared by equilibrating 167 g. of 
phenol (A.R.) with 450 ml. of 0-1 citric acid and 50 ml. of 
0-2mM-Na,HPO, at 20°; and (ii) the n-propanol system pre- 
pared by equilibrating 1-5 vol. of n-propanol (laboratory 
grade) with 1 vol. of 3m sodium acetate (A.R.) at 20°. 

Apparatus. Glass distribution tubes of the original Craig 
pattern ‘Craig & Post, 1949) were used, but connexion 
between tubes was made with short lengths of thin-walled 
polythene tubing, thus avoiding the use of ground joints or 
taps for removal of phases. At the completion of a distribu- 
tion the polythene tubing from each tube was arranged so as 
to deliver into a sample bottle which had been attached to 
the outside of the tube, and then by a single manipulation 
of the machine the top phase of each tube was transferred 
to the corresponding sample bottle. After substitution of 
another set of sample bottles all the bottom phases were 
simultaneously removed by a single manipulation of the 
machine. 

Tubes with a lower-phase capacity of 50 ml. were used in 
the early preparative stages and tubes with a lower-phase 
capacity of 10 ml. were used for the later preparative stages 
and generally for preliminary investigations and for 
analytical purposes. 

Procedure. Distributions were carried out at 20+1°, by 
both the ‘fundamental’ procedure (Craig & Craig, 1950) and 
the single-withdrawal procedure of the upper phase. 

Analysis of distribution curves. The distribution curves 
were interpreted according to the general mathematical 
formulae of Craig & Craig (1950), but for fundamental 
distributions involving 49 or fewer transfers theoretical 
distribution values were obtained from tables of the 
binomial probability distribution (Way & Bennett, 1951). 

The theoretical curves for the withdrawn series were 
calculated from equation (1) or (2) (ef. Newton & Abraham, 
1952): oo 

Wa RK T n-1), R» (1) 
, (n-1)! K&+) 
Wr 2 >. wise? (2) 
; Ri(n-R-1)! (K +1)" 


where K is the partition coefficient of the material, Wy, z is 
the fraction of the total material withdrawn after n transfers 
from the end tube of a machine containing (R + 1) tubes and 
T'n—1), is the fraction of the total materia! present in the 
end tube after (x — 1) distributions, i.e. 


(n-1)! K® 
R\(n-R-1)! (K +1)" 


” 
Day R 


For values of x and & less than 50 the calculations were 
readily made by using equation (1) and the binomial prob- 


F. S. SCANES AND B. T. TOZER 





1956 


ability distribution tables, but for higher values of n and R 
it was necessary to calculate a series of tables for each 
machine, i.e. for each value of R, from equation (2). 

The partition coefficients (K) were either obtained by 
mathematical analysis of the distribution curves or by 
direct measurement of the concentration of clupeine in the 
two phases. 


Phase diagram of the n-propanol—aqueous 
sodium acetate system 


Phase diagrams of a number of systems were prepared as 
described by Martin & Porter (1951). The binodal curve was 
determined by titrating the aqueous salt solution with 
organic solvent to permanent opalescence, the end point 
being more readily recognized in some systems if an oil- 
soluble dye was included. The tie-lines were determined by 
analysis of the sait content of both phases. 

The phase diagram of the system n-propanol—aqueous 
sodium acetate is shown in Fig. 4 and the partition co- 
efficients of crude clupeine obtained in some of the two-phase 
mixtures are marked on the corresponding tie-lines. 


Chromatography 


For analytical and small-scale preparative purposes, with 
a clupeine sulphate loading of 5-120 mg., a tube of 1-2 em. 
internal diameter was used. Alumina (40 g.) was slurried in 
water and poured into the tube and allowed to settle. The 
column, 32 cm. in length, was pressed slightly, if necessary, 
so that a flow rate of 15-18 ml./hr. was obtained. The 
clupeine, dissolved in 3-5 ml. of water, was added to the 
column and washed on with 3 ml. of water. The column was 
developed with aqueous K,HPO, solution and the effluent 
was collected in an automatic fraction collector. 


Re-isolation of clupeine from fractions 


The concentration and re-isolation of clupeine from 
typical pooled fractions obtained by distribution and by 
chromatography is given below. 

n-Propanol—sodium acetate solution. Nineteen withdrawn 
fractions from a 30-transfer, 12 tube distribution of 1 g. of 
clupeine sulphate were bulked to give a total volume of 1]. 
The solution was adjusted to pH 3-4 with 70 ml. of 6N-HCl 
and the solids were precipitated with 31. of acetone. The 
solids were removed by filtration, dried in vacuo and were 
dissolved in 250 ml. of water. Analysis indicated a clupeine 
content of 440mg. A solution (25 ml.) containing 10% 
(w/v) phosphotungstic acid (PTA) in N-HCl was then added, 
until precipitation was complete. The phosphotungstate 
was filtered off (sintered Pyrex glass filter, porosity 4) and 
washed, first with 15 ml. of 1% PTA and then with 20 ml. of 
0-1% PTA, and sucked dry. It is necessary to free the pre- 
cipitate from NaCl at this stage. The precipitate was then 
dissolved in a mixture of 25 ml. of 70% (w/w) acetone and 
0-5 ml. of 6N-HCI. The solution was filtered and the filtrate 
dropped with stirring into 400 ml. of acetone acidified with 
0-1 ml. of 6N-HCl. After standing for some hours the solu- 
tion was filtered, and the clupeine which was distributed as 
a sticky residue on the walls of the vessel in which the pre- 
cipitation had been effected, in addition to that on the filter, 
was dried in vacuo. The dried residue was dissolved in 40 ml. 
of 95% (w/w) methanol containing 0-05 ml. of 2N-HCl and 
dropped with stirring into 400 ml. of acetone containing 
0-05 ml. of 2N-HCl. After standing for 1 hr. the amorphous 
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precipitate was filtered off, acetone-washed and dried in 
vacuo; yield, 420 mg. 

Potassium phosphate effluent from alumina columns. 
Method I. From the fractional elution of 420 mg. of crude 
clupeine sulphate on a column with 140 g. of alumina a 
pooled fraction containing 105 mg. (by analysis) of clupeine 
Z in 370 ml. of effluent was obtained. The solution was 
adjusted to pH 5-6 with 30 ml. of 6N-HCI, any precipitate 
filtered off, and 5 ml. of 10% phosphomolybdic acid added 
slowly with stirring. The suspension was allowed to settle 
and the precipitate filtered off (sintered-glass filter, Pyrex, 
porosity 4), washed with 30 ml. of water and sucked dry. 
The precipitate was extracted for 15 min. on the filter with 
a mixture of 10 ml. of 70% (w/w) acetone and 0-7 ml. of 
6n-HCl and the solution filtered, the residue being 
extracted with another similar mixture of aqueous acetone 
and acid. The combined filtrates were dropped into 200 ml. 
of acetone and the sticky precipitate of clupeine hydro- 
chloride was centrifuged, washed with acetone, re-centri- 
fuged and dried in vacuo. The residue was dissolved in 10 ml. 
of 95% (w/w) methanol containing 0-12 ml. of 6N-HCl, and 
the filtered solution dropped into 20 ml. of acetone. The 
amorphous precipitate of clupeine hydrochloride was centri- 
fuged off and dried in vacuo; yield, 70 mg. 

Method II. The procedure was similar to that of Method I 
except that the phosphomolybdate precipitate was ex- 
tracted with a total mixture of 15 ml. of 80% (w/w) acetone 
and 6 ml. of 6N-HCl. 


Amino acid analysis 

Clupeine (100 mg.) was heated in a sealed evacuated tube 
with 1 ml. of 6N-HCl at 110° for 24 hr. The HCl was then 
removed by repeated evaporation of the aqueous solution in 
vacuo. The component amino acids were isolated and 
determined by the starch-chromatography technique of 
Moore & Stein (1948, 1949). The estimation of the relatively 
large amounts of arginine recovered from the columns was 
not reproducible and therefore the arginine content of the 
hydrolysate was determined directly on the hydrolysate by 
the modified Sakaguchi reaction as used for the whole 
protein determination. 


Preparation of DNP derivatives 

DNP derivatives of valine, alanine, proline and serine 
were prepared by the methods of Sanger (1945) and Porter & 
Sanger (1948). 

DNP-clupeine derivatives. Clupeine (100 mg.) in water 
(15 ml.) containing NaHCO, (100 mg.) was shaken at 20° 
with FDNB (0-1 ml.) in methanol (5 ml.) for 2-5 hr. The 
solution was acidified with 2N-HCI (0-9 ml.), extracted with 
an equal volume of ether and the aqueous solution dropped 
into acetone (200 ml.) with stirring. An oily residue was 
separated by centrifuging, dried in vacuo, redissolved in 
90% (w/w) methanol (4 ml.) containing 6N-HCl (0-05 ml.) 
and dropped into acetone (30 ml.). The solid was centrifuged 
off and dried in vacuo. The yield of glassy solid was 107 mg. 


Hydrolysis of DN P-clupeine and DN P-salmine 


Method I. DNP-clupeine (30 mg.) was heated for 16 hr. 
in a sealed Pyrex tube with 1 ml. of 6N-HCl at 100°. The 
ether-soluble DNP-amino acids were isolated in the usual 
manner. This method was used for DNP-clupeine Z. 

Method II. DNP-protein (50 mg.) was heated in a sealed 
Pyrex tube with 1 ml. of 12N-HCl at 100°. The effect of 
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heating for times varying from 1 to 24 hr. was investigated. 
This method was used for DNP-clupeine Y and DNP- 
salmine. 


Paper chromatography of DN P-amino acids 


Two systems, Al and BE2, were based on the general 
method of Blackburn & Lowther (1951). In system Al the 
developing solvent was the top phase of a mixture of 4 vol. of 
tert.-pentanol and 1 vol. of the phthalate buffer (pH 6) of 
Blackburn & Lowther. In system BE2 the developing 
solvent was the top phase of a mixture of 50 ml. of benzyl 
alcohol-ethanol (9:1, v/v) and 170 ml. of phthalate buffer 
(pH 6). 

The DNP-amino acid in ethyl methyl ketone (3 mg./ml.) 
was applied (5 ul.) to Whatman no. | paper which had been 
pretreated with phthalate buffer (pH 6). 


Absorption spectra of DNP derivatives 
Samples were prepared in 1% NaHCO, solutions at a 
concentration of 20um for DNP-amino acids and at 
concentrations of 150-300 ug./ml. for DNP-clupeines and 
-salmine. Measurements were made with a Unicam SP. 500 
spectrophotometer. 


SUMMARY 


1. The fractionation of clupeine by counter- 
current distribution and by elution chromatography 
from basic alumina has been studied. 

2. A modified Sakaguchi method is described for 
the assay of whole clupeine in the samples obtained 
on fractionation. 

3. Crude clupeine has been shown to contain 
three main components, Yl, Y2 and Z, and a 
number of minor components. 

4. Clupeine Z showed the simplest amino acid 
pattern, namely arginine, alanine, proline, serine 
and valine, with alanine as the N-terminal amino 
acid. Other clupeines contain leucine (or isoleucine 
or both) and glycine or threonine in addition to the 
amino acics of clupeine Z, and have alanine or 
proline as the N-terminal amino acid. 

5. The fractionation and analytical techniques 
have been shown to be applicable to the study of 
another protamine, salmine. 

We wish to thank Mr L. H. Kent for his advice and criti- 
cism during the experiments. We also wish to thank Mr 8. 
Peto for the mathematical interpretation of the counter- 
current distribution curves, Mr J. Slade for assistance in the 
development of the assay method and for advice on starch- 
chromatographic procedures, and Mr R. Strange for the 
nitrogen determinations and for running many of the early 
amino acid paper chromatograms. 
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Structure and Composition of Soluble Feather Keratin 


By A. M. WOODIN 
Ophthalmological Research Unit (Medical Research Council), Institute of Ophthalmology, 
Judd Street, London, W.C.1 


(Received 24 November 1955) 


A large proportion of feather keratin can be ex- 
tracted by urea and reducing agents, and by sub- 
sequent oxidation with performic acid converted 
into a form soluble in dilute salt solution. The 
extracted material has a narrow distribution of 
molecular weight and charge, and Woodin (1954) 
has suggested that it contains the feather keratin 
monomer, an asymmetric particle with molecular 
weight 10000. Rougvie (1954) independently found 
that solutions of feather keratin contain particles of 
these dimensions, and made the further observation 
that fibres reconstituted from feather keratin which 
had been oxidized with peracetic acid gave X-ray 
diffraction patterns with much of the detail of the 
original feather. It is therefore likely that the 
asymmetric particle of molecular weight 10 000 is 
responsible for the diffraction characteristics of 
feather keratin. 

In this paper the results of an end-group analysis 
and some information on the amino acid composition 
of soluble feather keratin are reported. 


METHODS 


Preparation of keratin derivatives 
White body feathers from hens were extracted with benzene, 
dried, extracted with 10% NaCl, washed with distilled 
water and dried over P,O;. Before solubilization the calmus 
was cut from each feather. 
SH-Keratin. This was extracted in 10m urea, 0-1M- 
NaHSO,, 0-05m phosphate (pH 5-6), for 18 hr. at 40°. The 


extract was filtered and dialysed against running tap 
water and then distilled water. The white gel was freeze- 
dried. 

Cysteic acid-keratin. This was obtained by performic acid 
oxidation of SH-keratin. Formic acid was mixed with 
0-115 vol. of 30% (w/v) H,O,, left at room temperature for 
1 hr. and cooled to 0°. One-twentieth of its weight of SH- 
keratin was added and the mixture left overnight in the 
refrigerator, filtered and dialysed against tap water and then 
against distilled water. The resultant opalescent solution 
was freeze-dried. In the experiments to identify the N- 
terminal amino acids by reaction with 1-fluoro-2:4-dinitro- 
benzene (FDNB), cysteic acid-keratin was used after 
purification to this stage. 

In all other experiments the cysteic acid-keratin was 
purified further. After drying, the solid was not completely 
soluble in water. When the suspension was adjusted to 
pH 9, more dissolved, but the pH fell during solution. When 
more alkali was added to keep the mixture at pH 9 all but 
alittle dissolved. The solution was centrifuged at 20 000 rev./ 
min. and the supernatant passed down a column (15 mm. 
diameter) of Amberlite IR-120 in the H* form, and then 
down a column (15 mm. diameter) of Amberlite I[RA-410 
in the base form. Quantities of 20 ml. of each wet resin were 
used/g. of keratin. A solution was obtained which was very 
opalescent but free from visible particles. Examination ina 
flame photometer showed it to be free from metal cations. 
The solution was freeze-dried and gave a solid which readily 
dissolved in distilled water to give a very opalescent, acid 
solution. 

Cysteic acid-keratin concentrations were determined 
from measurements of the N content. The N content of the 
dry protein was taken as 15-5 % and the molecular weight as 
10000. 
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Reaction with 1-fluoro-2:4-dinitrobenzene 


A tenfold molar excess of FDNB was shaken with the 
protein, unless otherwise stated, in 50% (v/v) ethanol 
containing 1% NaHCO,. After a known reaction time 
(3-42 hr.) the mixture was concentrated in vacuo and ex- 
tracted with ether, acidified and extracted again. The 
aqueous phase was dialysed against changes of distilled 
water for several days in the dark. Some Amberlite IR-120 
in the H* form was added to the final sample of distilled 
water. The dialysed 2:4-dinitrophenyl- (DNP)-keratin was 
freeze-dried. 

Protein hydrolysis in redistilled 5-8N-HCl or in 12N-HCl 
was carried out in sealed tubes at 105°. Destruction of the 
DNP-amino acids was assessed by adding a standard solu- 
tion of the DNP-amino acids to DNP-keratin. 

DNP-amino acids were separated on buffered Celite 
columns or on paper chromatograms. The ‘toluene’ and 
‘phosphate’ solvents of Levy (1954) were used, and irriga- 
tion with ‘toluene’ for 48 hr. and with ‘phosphate’ for 
24 hr. separated all except two pairs, DNP-glutamic and 
DNP-aspartic acids and DNP-leucine and DNP-valine. 
The acid-soluble DNP-amino acids were separated on one- 
dimensional paper chromatograms with ¢ert.-pentanol 
equilibrated with 0-05 phthalate buffer (pH 6) as solvent 
(Blackburn & Lowther, 1951). After separation and elution 
the DNP-amino acids were assayed colorimetrically in 1% 
NaHCO, with the extinction coefficients of Rao & Sober 
(1954). 

Direct spectrophotometry of DN P-keratin. Samples (1 ml.) 
of cysteic acid-keratin, 10-*m, were treated with FDNB for 
varying times. The solutions were concentrated and ex- 
tracted with ether. The aqueous phase was evaporated to 
dryness and the solid dissolved in 5m guanidine-HCl in 
n-HCl. Blank solutions containing no keratin were put 
through the same procedure; after extraction they con- 
tained some material with ultraviolet absorption, pre- 
sumably due to impurities in the FDNB. The absorption of 
the solutions in guaridine-HCl was measured from 270 to 
400 mu. 


Reaction with phenyl isothiocyanate 


A volume of cysteic acid-keratin in distilled water (3 ml.), 
adjusted to pH 8, was stirred at 40° with 3 ml. of pyridine 
and 0-1 ml. of phenyl isothiocyanate, in a small beaker 
containing a glass-electrode assembly. The mixture was 
kept at pH 8 for 2hr. by addition of N-NaOH and then 
extracted 9 times with 20 ml. of benzene; 20 ml. of acetone 
was then added to the aqueous phase and the precipitate 
washed five times with ether. The last of the ether extracts 
was shaken with 4 ml. of N-HCl, and the ether layer evapor- 
ated to dryness, the solid dissolved in ethanol and its 
absorption curve recorded from 250 to 230 mz. This formed 
the ‘blank’ in the assay of the phenylthiohydantoins of the 
N-terminal amino acids in keratin. 

The solid phenyl isothiocyanate derivative of keratin was 
heated with x-HCl at 100° for 1 hr. and the resultant solu- 
tion of partly hydrolysed protein extracted with ether. The 
ether extracts were taken to dryness to give a solid which was 
dissolved in ethanol and the optical density recorded in the 
range 250-350 mp. 

The solution of partly hydrolysed protein, after extraction 
with ether, was extracted with ethyl acetate, the ethyl 
acetate phase evaporated to dryness to give a solid which 
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was dissolved in ethanol, and the optical density of the 
solution recorded. 

Finally, the solution of partly hydrolysed protein, after 
these extractions, was dried in vacuo, redissolved in water 
and the optical density recorded in the range 250-350 mu. 

The concentration of the phenylthiohydantoins of the 
amino acids in the extracts and the residual aqueous solution 
was assayed from a molar extinction coefficient at 267 my. of 
16000 (Fraenkel-Conrat, Harris & Levy, 1955). 

The phenyl thiocarbamate derivatives of keratin will be 
abbreviated PTC-keratin. 


Reaction with carboxypeptidase 


Carboxypeptidase (Armour Laboratories) was washed 
five times with water and kept suspended in water. A 
solution was obtained by adding 0-1 ml. of 1% NaHCO, to 
1 ml. of suspension, and then NaOH was added to pH 9. 
When all the enzyme had dissolved HCl was added to give 
pH 8. Diisopropyl fluorophosphate (diisopropyl phosphoro- 
fluoridate) (0-1 M) in isopropanol was added and the solution 
incubated at 37° for 1 hr. 

A 2x10-% solution of cysteic acid-keratin in distilled 
water, adjusted to pH 8, was incubated with an equal volume 
of the enzyme solution at 37°. Samples were withdrawn and 
acidified with HCl to pH 3. This precipitated some of the 
protein, which was centrifuged off. Samples of the super- 
natant were analysed for free NH, groups by the ninhydrin 
reaction, and further samples (1-2 ml.) were passed down 
columns containing 5 ml. of Zeo-Karb 225 in the H* form. 
These columns were then washed with water and eluted 
with 5N-NH, soln. The eluate was dried and treated with 
FDNB for 4 hr., and the DNP-amino acids were extracted 
and separated on paper chromatograms. The optical 
density at 350 mu. of the acid solution, after removal of the 
DNP-amino acids soluble in ether, indicated the absence of 
DNP-cysteic acid. Solutions of the substrate or enzyme 
alone showed no liberation of amino groups during the 
incubation. 

When the ninhydrin reaction indicated that the digestion 
was complete, samples of the digest and of the enzyme and 
substrate were treated with FDNB for3 hr. After extraction 
the extent of the reaction was assessed by direct spectro- 
photometry of the DNP-proteins in guanidine-HCl solution 
(pH 0-5). 

Analytical methods 


Titration curves. These were measured on 10 ml. samples 
of 5% cysteic acid-keratin in distilled water. Alkali was 
added from a microburette and a stream of nitrogen played 
on the surface of the solution. The pH changes were re- 
corded ona Cambridge pH meter. At the end of the titration, 
samples of the alkaline solution were analysed for their N 
content and the protein concentration was calculated. 

Absorption curves. These were measured on a Unicam 
spectrophotometer with 1 cm. cells. Optical densities were 
measured at 5 my. intervals. 

Nitrogen. This was determined by Kjeldahl digestion 
with a selenium catalyst for 8 hr. 

Amino groups. These were estimated by the ninhydrin 
reaction (Troll & Cannan, 1953). 

Amide N. Cysteic acid-keratin was hydrolysed in 2N-HCl 
for 4 hr. (further heating gave the same yield), brought to 
pH 5, and distilled with 2m phosphate buffer, pH 10-8. The 
ammonia was collected in boric acid and titrated with HC 1. 
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Urea. This was recrystallized three times from ethanol 
solution. 

Guanidine hydrochloride. This was prepared from guani- 
dine carbonate (British Drug Houses, Analar grade). 
Solutions (5m) showed some absorption in the ultraviolet, 
but with sufficient transmission to permit optical densities 
of solutes to be measured at 260 my. 

Fluorodinitrobenzene and phenyl isothiocyanate. These 
were obtained from Light and Co., Colnbrook, Bucks. 

Ion-exchange resins. Amberlite IR-120 and Zeo-Karb 225 
in columns 15 mm. in diameter were washed with 2N-NaOH 
and then with distilled water, and converted into the H* 
form by treatment with 5 vol. of 3N-HCl and washed with 
distilled water. Amberlite IRA-410 was washed with 
distilled water and converted into the base form by treat- 
ment with 5 vol. of 5N-NH, soln. and washed free from NH, 
with distilled water which had been boiled in a stream of N, 
to lower its CO, content. The regenerated resins were stored 
wet. 


RESULTS 
Reaction with FDNB 


(a) Identification of N-terminal amino acids. 
Samples of cysteic acid-keratin which had not been 
solubilized in alkali and treated with ion-exchange 
resins were used in these experiments. 

Cysteic acid-keratin, coupled with FDNB for 
24 hr. and subsequently hydrolysed in 5-8 N-HCl for 
8, 16 or 24 hr., or in 12N-HCl for 12 hr., liberated the 
DNP derivatives of aspartic acid, glutamic acid, 
serine, threonine, glycine, alanine and valine; 
e-DNP-lysine was also present. The recovery of 
these DNP-amino acids during hydrolysis in 
5-8nN-HCl was determined, and the amounts of the 
N-terminal amino acids in cysteic acid-keratin were 
assessed. Table 1 records these results. 

Cysteic acid-keratin coupled with FDNB in 
2-5M guanidine-HCl solution or in aqueous solution 
at pH 11, or SH-keratin coupled under the usual 
conditions, has given results similar to these. 


Table 1. N-terminal amino acids of cysteic acid- 
keratin coupled with FDNB for 24hr. in 1% 
NaHCoO, in 50% ethanol 


Hydrolysis was for 24hr. in 5-8n-HCl at 105°. Dry 
cysteic acid-keratin represents 80% of the weight of the 
air-dry DNP-keratin. 

Recovery after 


24 hr. in Moles of 
5-8n-HCl DNP-amino 
Amino acid at 105 acid/100 moles 
derivative (%) of keratin* 
a-DNP-aspartic acid 46 4-50 
a-DNP-glutamic acid 85 0-63 
a- DN P-serine 90 0-60 
a-DNP-threonine 87 1-50 
a-DNP-glycine 35 1-10 
a-DNP-alanine 70 1-12 
a-DNP-valine 88 1-08 
e- DNP-lysine 80 12-5 


* Molecular weight of keratin is taken as 10000. 
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0-4 


300 320 340 360 400 


Wavelength (mz.) 


280 380 
Fig. 1. Absorption spectrum of the DNP groups of DNP- 
keratin in 5m guanidine-HCl (pH 0-5). Protein concentra- 
tion corresponds to 0-034 zmole of cysteic acid-keratin/ml. 


(b) Direct spectrophotometry of DN P-cysteic acid- 
keratin. DNP-cysteic acid-keratin is soluble in 
5M guanidine-HCl (pH 0-5). This permitted the 
measurement of the optical density of the DNP- 
protein before hydrolysis. In particular it has been 
shown that the absorption characteristics of the 
DNP derivatives of proline peptides are similar to 
those of DNP-proline (Schroeder, Honnen & Green, 
1953; Phillips, 1955). Accordingly, the optical 
density of DNP-keratin at 390 my. and at 360 mu. 
affords a measure of N-terminal proline and of other 
N-terminal amino acids respectively. 

The absorption spectra of keratin and of its DNP- 
derivative in 5M guanidine-HCl (pH 0-5) were 
measured. The difference between the two is taken 
as the contribution of the DNP groups to the 
absorption. Fig. 1 describes the absorption of the 
DNP groups of a sample of cysteic acid-keratin 
coupled with FDNB during 4hr. Coupling with 
FDNB for longer periods increases the optical 
density only slightly ; after 42 hr. the optical density 
was 10 % greater than at 4 hr. The optical density at 
360 mx., if it is due to combined DNP-amino acids 
with an assumed molar extinction coefficient of 
17 500, corresponds to 0-38 equivalent of DNP 
groups/mole of protein. The absorption peak at 
290-300 mp. may be due to O-DNP-tyrosine and 
this material may be responsible for some of the 
absorption at 360 my. Rao & Sober (1954) give the 
molar extinction coefficient of O-DNP-tyrosine at 
360 mp. as 290. As there is no evidence of an 
absorption peak at 390 mp. N-terminal proline is 
not present to any great extent. 


Reaction with phenyl isothiocyanate 
Fig. 2 describes the absorption spectrum of the 
material extracted by ether from PTC-keratin 
heated in N-HCl for 1 hr. The peak at 267 mu. is 
characteristic of a phenylthiohydantoin of an amino 
acid. The small peak at 310 mu. is similar to those 
found for materials liberated from PTC-serine and 
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PTC-threonine on acid hydrolysis (Levy, 1955). The 
optical density at 267 muy., if due to a phenylthio- 
hydantoin of an amino acid with a molar extinction 
coefficient 16000 (Fraenkel-Conrat et al. 1955), 
corresponds to 0-1 equivalent of N-terminal amino 
acid/mole of protein. 

No further phenylthiohydantoins are extracted 
from the partly hydrolysed PTC-protein by ethyl 
acetate, and the absorption of the neutral solution of 
the partly hydrolysed PTC-protein after extraction 
with ether and ethyl acetate was identical with that 
of a solution containing an equivalent concentration 
of eysteic acid-keratin. 


Reaction with carboxypeptidase 


On incubation with carboxypeptidase in the 
presence of diisopropyl fluorophosphate amino 
acids are liberated from cysteic acid-keratin, and the 
ninhydrin reaction shows the liberation to proceed 
to a maximum of 0-9-1:0 equivalent/mole of 
substrate. With a final keratin concentration of 
1 pmole/ml. this result has been obtained with dizso- 
propyl fluorophosphate concentrations of 0-005 m— 
0:0003M and enzyme concentrations of 0-01- 


0°6 
0-5 


ee a ee ee 
240 260 280 300 320 340 
Wavelength (mz.) 


Fig. 2. Absorption curve of the phenylthiohydantoins 
derived from PTC-cysteic acid-keratin. The optical 
densities are for the extract from 3 moles of protein in 
10 ml. of ethanol. 


Table 2. Liberation of amino acids from cysteic 
acid-keratin incubated with carboxypeptidase 


Substrate conen., l1ymole/ml.; enzyme conen., 0-02 p- 
mole/ml. Incubation was in the presence of 0-005M diiso- 


propyl! fluorophosphate. ‘ 
Percentage of 
final amount 
liberated after 
incubation for 


Final conen. 
in digest 
(equiv./mole 
of keratin*) 


Amino acid 10 min. 60 min. 


Threonine 0-088 40 67 
Glycine 0-095 25 67 
Asparagine or glutamine 0-08 63 90 
Alanine 0-135 46 64 
Serine 0-175 20 52 
Phenylalanine 0-083 60 88 
Valine and leucine 0-250 68 92 


* Molecular weight of keratin is taken as 10000. 
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Table 3. Amino acid composition of cysteic 
acid-keratin hydrolysed in 5-8N-HCl for 24 hr. 


Equiv./mole 


Amino acid of keratin* 


Glycine 9-8 
Alanine 4-0 
Serine 13-7 
Threonine 5-0 
Proline 13-0 
Valine and leucine 19-0 
Aspartic and glutamic acids 10-2 
Arginine 3-9 
Cysteic acid 6-1 
Phenylalanine 3-2 
Lysine 0-1-0-2 


* Molecular weight of keratin is taken as 10000. 


0-05 pmole/ml. With 0-0004 »mole of enzyme/ml. 
the reaction was slow and 0-25 nmole of amino acids 
was liberated after 6 hr. 

The liberated amino acids, separated from protein 
by ion-exchange treatment and subsequently 
coupled with FDNB, gave the DNP derivatives 
of glycine, alanine, phenylalanine, valine, serine, 
leucine, threonine and asparagine or glutamine. 
Table 2 gives their relative concentrations and some 
information on the rate at which they are liberated. 

The protein present in the digest, after removal of 
amino acids by treatment with Zeo-Karb 225, 
treated with FDNB for 3 hr. and examined by 
direct spectrophotometry was found to contain 
fewer than 0-3 equiv. of DNP groups/mole of 
protein. That is, the liberation of the amino acids by 
carboxypeptidase does not simultaneously change 
the reactivity of the amino groups to FDNB, and itis 
unlikely that the action of the enzyme preparation is 
due to hydrolysis other than that of peptide bonds 
at the C-terminal end of a polypeptide chain. 


Amino acid analysis of cysteic acid-keratin 

The interpretation of the reactivity of cysteic 
acid-keratin to some of the reagents used here 
required quantitative information on the composi- 
tion of the protein. This has been provided by 
separation and assay of the DNP derivatives of the 
hydrolysate. 

Hydrolysis in 5-8 N-HCl or 12N-HCl has given the 
same result, summarized in Table 3. DNP-valine 
and DNP-leucine and also DN P-glutamic acid and 
DNP-aspartic acid were respectively imperfectly 
resolved on the chromatograms and they are re- 
ported in pairs. 

The lysine content is such that it must be absent 
from most of the monomers of feather keratin. The 
cysteic acid content corresponds well with the 
number of potential —-SH groups reported by Woodin 
(1954) to be present. 

Amide N determinations indicate the presence of 
1 mole of asparagine or glutamine/mole of protein. 
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Reaction with the hydroxyl ion 

A 5% solution of cysteic acid-keratin in distilled 
water had a pH 1-8—2-0 and was very opalescent. 
On addition of alkali the opalescence remained until 
between pH 5 and 6 a clear, yellowish solution was 
obtained. Fig. 3 records the power of eysteic acid- 
keratin to combine with base under various condi- 
tions. There is little combination with base between 
pH 6-5 and 8-0, a finding consistent with the absence 
of free x-amino groups and histidine. In the ab- 
sence of salt, base is neutralized between pH 8-Oand 
10, which is unexpected, as the lysine content is so 
low. Addition of KCl decreases the amount of base 
bound in this region, and simultaneously increases 
the amount bound below pH 6. Urea and formalde- 
hyde have the same effect but to a greater extent. 

As we have chemical evidence that free amino 
groups are largely absent, the effects of salt, urea 
and formaldehyde have to be explained in terms of 
their action on the acidic groups. It has been noted 
above that cysteic acid-keratin recovered from 
solution in performic acid is not readily soluble in 
water, and that solution in dilute alkali is accom- 
panied by liberation of acid. This is consistent with 
the view that the uncharged acid groups are 
stabilized in the solid state, or that protons cannot 
readily diffuse away from the protein surface. 

The large increase in combination with base above 
pH 10 is ascribed to the arginine residues. The base 
neutralized in reaching pH 10 is due to the acid 


groups. 





1:0 


Equivalents OH ion neutralized / 
wn 
° 





2:0 3-0 405-0 6:0 70809-0100 12:0 


pH 


Fig. 3. Titration curves of cysteic acid-keratin. O, In 
distilled water; ©, in 0-SM-KCl; @, in 2m formaldehyde, 
0-5M-KCl; @, in 5M urea, 0-5M-KCL. 
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Chemical analysis has shown the presence of six 
cysteic acid residues, ten aspartic or glutamic acid 
residues and one amide group in each protein 
molecule. There are four arginine residues, so that 
the net combination with base to be expected is 
11 equivalents/mole of protein. This is the amount 
found by titration, and the agreement is evidence 
for the absence of free «-carboxyl groups. 


DISCUSSION 


The yield of DNP-amino acids from hydrolysed 
DNP-keratin corresponds to 1 equivalent of N- 
terminal amino acids in 10 moles of protein. It is 
unlikely that this low yield is due to destruction 
during hydrolysis, for spectrophotometry of DNP- 
keratin before hydrolysis gives a similar result. The 
reaction with phenyl isothiocyanate also reveals a 
deficiency of N-terminal amino acids. It is, there- 
fore, fairly certain that only 0-1 equivalent of N- 
terminal amino acids in each mole of keratin are 
available to FDNB and phenyl isothiocyanate. 
There is no evidence for the masking of amino groups 
other than by peptide-bond formation, so the 
absence of free «-amino groups is evidence for a 
cyclic structure in the molecule. The many amino 
acids liberated by carboxypeptidase amount, 
together, to 1 equivalent/mole of protein, and if 
these come from the keratin molecule it is necessary 
to assume that feather keratin consists of a collec- 
tion of polypeptides each with only one amino acid 
capable of being hydrolysed by carboxypeptidase. 
This is rather improbable, and the liberation of 
amino acids by carboxypeptidase is likely to be due 
to stepwise hydrolysis of an impurity. The reaction 
of ecysteic acid-keratin with the OH ion is also 
consistent with the absence of a molar proportion of 
a-carboxyl groups. A branched chain is therefore 
unlikely in this case. 

A eyclie structure for soluble feather keratin can 
give an axial ratio consistent with the results of 
dynamic methods of determining the shape of 
keratin in solution. The 3-14 meridional are of the 
feather-keratin diffraction pattern corresponds to 
the projected length of the amino acid residues along 
the axis. A cyclic polypeptide of 90 residues will 
have a maximum length of 140A, and if the diameter 
of the double chain is 14-204 the axial ratio will be 
10-7. Axial ratios calculated from the viscosity, 
assuming a prolate ellipsoidal shape and a hydration 
of 0-30 %, will be in this range. 

The slight reaction with FDNB and the other 
reagents can be due to impurities which, if they 
have the same molecular weight as the bulk of the 
particles in soluble feather keratin, will represent 
10% of the weight. The heterogeneity of soluble 
feather keratin makes a more detailed amino acid 
analysis than has been attempted of doubtful 
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value. The analysis has indicated that histidine and 
lysine are absent from cysteic acid-keratin. The 
proportions of the other amino acids can be affected 
by the contaminants. The findings of Schroeder & 
Kay (1955) that the parts of feather differ slightly in 
composition can, of course, reflect a variation in the 
composition of the monomer, but are more likely to 
be due to different amounts of contaminants in the 
different parts. 


SUMMARY 


1. The reaction of soluble feather keratin with 
]-fluoro-2:4-dinitrobenzene and with phenyl iso- 
thiocyanate indicates that the protein contains only 
one-tenth equivalents of N-terminal amino acids/ 
mole of protein. 

2. The reaction of soluble feather keratin with 
carboxypeptidase and with the OH ion can be 
interpreted as evidence for the absence of a molar 
proportion of «-carboxyl groups. 

3. Some of the amino acids in soluble feather 
keratin have been estimated quantitatively. 
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4. It is concluded that the feather keratin 
monomer is an unbranched cyclic peptide. 


I wish to thank Mr G. Cook for his technical assistance. 
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Derrien, Michel & Roche (1948) studied the nature 
of the iodine-containing proteins present in the 
thyroid glands of hogs, cattle and horses by a 
method involving the fractional precipitation of the 
proteins from saline extracts and the determination 
of the iodine and nitrogen contents of the pre- 
cipitates. They used either a 3-5m mixture of 
equimolar mono- and di-potassium phosphate 
(pH 6-5) or a saturated solution of ammonium 
sulphate (pH 6-5) as a precipitating agent. The 
presence of at least five different protein com- 
ponents which contained iodine could be demon- 
strated in the crude extracts, and a method of pre- 
paring a purified thyroglobulin was developed. The 
preparation of thyroglobulin, however, was not a 
homogeneous protein, but one containing three 
components (Derrien et al. 1948; Derrien, Michel, 
Pedersen & Roche, 1949). 

Only two investigations of the iodine-containing 
proteins of abnormal tissue from human thyroid 

* Present address: Department of Chemistry, Indiana 
University, Bloomington, Indiana. 


glands have so far been published. Roche, Michel, 
Deltour & Michel (1952) concluded on the basis of 
solubility and other tests that the iodine-containing 
protein of the thyroid glands of hyperthyroid 
patients did not differ significantly from that of a 
normal control. Trunnell & Wade (1955) compared 
semi-quantitatively, by paper chromatography 
and autoradiography, the 1!I-contents of the iodo- 
amino acid and iodide fractions of alkali-hydrolysed 
normal and adenomatous thyroid tissue from each 
of two patients who had been given sodium iodide 
containing 11. Their results indicated differences in 
the distribution of !*1I between the various fractions 
from the two types of tissue. In one case no labelled 
thyroxine or triiodothyronine appeared on the 
chromatograms of the hydrolysed thyroid adenoma 
tissue. 

The present investigation is divided into three 
parts. The first consists of an examination of the 
distribution of “!I between the various fractions 
obtained in the course of the preparation of purified 
thyroglobulin by the method of Derrien et al. (1948). 
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The second part consists of a more detailed study of 
the solubility properties of the iodine-containing 
proteins of normal and abnormal thyroid tissue 
which was undertaken because of the differences in 
distribution of I that were observed when the 
saline extracts of macroscopically normal and 
abnormal thyroid tissue were fractionated. The 
abnormal thyroid tissue used in this part of the 
work was subsequently shown, by histological 
examination, to be thyroid carcinoma tissue in two 
cases, while in the third it was nodular tissue with 
fibrous degeneration. The third part of this investi- 
gation consists of an examination of the distribution 
of 1 between the iodo-amino acids and iodide 
present in tryptic hydrolysates of the thyro- 
globulins prepared, by the method of Derrien et al. 
(1948), from normal and abnormal thyroid tissue of 
one patient. The abnormal tissue was subsequently 
found to be carcinomatous. 


MATERIALS AND METHODS 


Tissue from patients selected for surgical removal of 
abnormal thyroid glands was used in this study. In each 
case the iodine-containing constituents of the thyroid gland 
were labelled by oral administration of a dose of carrier-free 
Na®!J, generally 48 hr. before thyroidectomy. In one case 
a thyroid gland and metastases of thyroid origin were 
removed post mortem from a patient with carcinoma of the 
thyroid who had died after receiving a dose of radio-iodine for 
therapeutic purposes. Details of the patients and doses are 
presented in Table 1. 

The !1]-labelled glands were dissected, as far as possible, 
into macroscopically normal and abnormal thyroid tissue; 
the weights and ™1J-contents (by y-ray counts) were deter- 
mined (Table 1) and samples removed for the preparation of 
histological sections for staining and autoradiography. The 
separate portions of the glands were frozen with solid CO,, 
sliced and extracted with 3 ml. of 0-9% NaCl/g. overnight 
in the presence of toluene (0-4°). In accordance with the 
method of Derrien ef al. (1948), the solution was adjusted to 
42% saturation with (NH,).SO, [by adding a saturated 
solution of (NH,).5O,] and the precipitate centrifuged down 
and resuspended in 45% saturated (NH,).SO,. After 
adjustment of the concentration of (NH,),SO, to 37% 
saturation by the addition of water, the suspension was 
allowed to stand overnight and the insoluble residue centri- 
fuged down. The supernatant was brought to 41% satura- 
tion with (NH,),SO, and the precipitate centrifuged down. 
The amounts of 11I in the fractions were determined by 
liquid counting. The same procedure was applied to the 
thyroid metastases from the mediastinum and lungs. 

The solubility curves of the iodine-containing proteins 
were determined by pipetting equal volumes of the saline 
extracts into series of centrifuge tubes, adding calculated 
volumes of saturated (NH,).SO, (adjusted to pH 7-01 with 
NH,), stirring for 50 sec. and allowing to stand overnight at 
room temperature (about 20°) before centrifuging. Each 
precipitation was carried out in duplicate, both the super- 
natant and precipitated ™1I-activities being determined 
after suitable dilution either in an M6 liquid counting tube 
(20th Century Electronics Ltd.) or in a well-type scintillation 
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counter. All counts were made relative to standard 
solutions of known ™!I contents and were corrected 
for decay during the counting and for dead-time with the 
M6 tube. 

The analysis of the iodo-amino acid constituents of the 
thyroglobulin fractions [soluble at 37%, insoluble at 42% 
saturation with (NH,),SO,; see Derrien ef al. 1948] was 
carried out as described by McQuillan, Stanley & Trikojus 
(1954). The proteins (100 mg.) were hydrolysed in this 
experiment in a solution (1-8 ml.) containing crystalline 
trypsin (Armour) (15 mg.) and crude ‘trypsin’ (Armour, 
1:75). The pH of the solution was adjusted to 8-4 with dilute 
NaOH and hydrolysis allowed to proceed in the presence of 
toluene at 37° for 54 hr. The hydrolysate was brought to 
pH 1-2 with HCl and extracted successively with 2, 2 and 
1 vol. of n-butanol saturated with dilute HCl (pH 1-25). 
About 90 % of the total 1*1I was extracted into the n-butanol 
phase in each case. The butanol extracts, after addition of 
excess of 2N-NH,, were evaporated to dryness in vacuo, and 
the residues dissolved in 2N-NH, and chromatographed on 
Whatman no. 3MM paper with the solvent system (BPA) of 
McQuillan et al. (1954), which consists of n-butanol-n- 
pentanol-2 N-NH, (1:1:2 by vol.). The eluates of the zones 
which were detected on the chromatograms by autoradio- 
graphy were re-chromatographed in the BPA solvent 
system or in a solvent system (PPW) consisting of n- 
pentanol-propionic acid—water (20:3:15 by vol.; the latter 
was used after equilibrating at least 16 hr.) to obtain further 
resolution. Finally, the eluates were chromatographed in 
the appropriate solvents with added authentic non-labelled 
iodo-amino acids and sodium iodide for identification by the 
coincidence of the radioactive and non-radioactive spots. 
The non-radioactive iodo-amino acids were located by the 
method of Bowden, Maclagan & Wilkinson (1955) as modi- 
fied by Fletcher & Stanley (1955). 

A labelled rabbit thyroid gland was prepared by sub- 
cutaneous injection of 25 uc of carrier-free I in the form 
of Nal into an albino rabbit 24 hr. before thyroidectomy. 


RESULTS 


The distribution of *4L between the various frac- 
tions that were obtained when the method of 
Derrien et al. (1948) for the preparation of purified 
thyroglobulin was applied to the saline extracts of 
normal and abnormal thyroid tissues and thyroid 
metastases is shown in Fig. 1. In the same figure the 
distributions for a labelled rabbit thyroid gland and 
for two hog thyroid glands (McQuillan et al. 1954) 
are included for reference. The latter were shown 
by histological examination to be normal thyroid 
glands. 

The solubilities (S) of the iodine-containing 
proteins of normal and abnormal portions of three 
thyroid glands (Mr St., Mrs Wr. and Mr Ba.) are 
plotted in Fig. 2a, c, e against concentration (C) of 
ammonium sulphate, expressed as a percentage 
of saturation. Corresponding plots of —AS/AC 
against C are shown in Fig. 26, d, f. 

In Fig. 2 the values for S in the solubility curves 
represent the mean values of duplicate estimations 
of the solubility at each concentration of ammonium 
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sulphate. The — AS/AC values were computed from 
the change in S per 1 % increment of C. 

The quantitative examination on paper chro- 
matograms of the iodo-amino acids present in the 
thyroglobulin fraction from normal and carcino- 
matous portions of the thyroid gland of Miss To. 
indicated that 31% of the ™!I-activity extracted 
into n-butanol from the enzyme digest of normal 
thyroglobulin was present as 3-iodotyrosine, 34% 
as 3:5-diiodotyrosine and 4-4 % as inorganic iodide; 
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Fig. 1. Histograms of distribution of I between the 
fractions obtained in the course of preparation of purified 
thyroglobulin (Derrien ef al. 1948). 1, Insoluble residue; 
2, fraction soluble in 42% saturated ammonium sul- 
phate; 3, fraction of residue remaining from 2, insoluble 


in 37% saturated ammonium sulphate; 4, fraction of 


solution remaining from 3, soluble in 41% saturated 
ammonium sulphate; 5, fraction of solution remaining 
from 3 insoluble in 41% saturated ammonium sulphate, 
i.e. thyroglobulin. (a) Metastases of thyroid carcinoma 
from lungs (Mrs Pa.). (b) Metastases of thyroid carcinoma 
from mediastinum (Mrs Pa.). (c) Thyroid carcinoma 
(Mrs Pa.). (d) Hog thyroid (experiment R.A. 2, McQuil- 
lan et al. 1954). (e) Hog thyroid (experiment R.A. 6, 
McQuillan e¢ al. 1954). (f) Rabbit thyroid. (g) Normal 
thyroid tissue Sey (Miss Sce.). (h) Abnormal thyroid tissue 
Se, (Miss Se.). (¢) Normal thyroid tissue Riy (Mrs Ri.). 


(j) Abnormal thyroid tissue Ri, (Mrs Ri.). (&) Normal 
thyroid tissue Ru, (Mrs Ru.). (/) Abnormal thyroid tissue 
Ru, (Mrs Ru.). (m) Normal thyroid tissue Toy (Miss To.). 
(xn) Abnormal thyroid tissue To, (Miss To.). 
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the corresponding values for the abnormal thyro- 
globulin were 48, 9-1 and 33%. About 0-45 % of the 
activity from the normal thyroglobulin was present 
as thyroxine and a trace as 3:5:3’-triiodothyronine, 
but no thyroxine or triiodothyronine could be 
detected in the abnormal thyroglobulin. These 
values have been corrected for losses during the 
chromatographic procedures, but should neverthe- 
less be regarded as approximate. 


DISCUSSION 


Derrien et al. (1948) found only slight differences in 
the salting-out curves of hog, beef and horse thyro- 
globulins. Accordingly, the pattern of iodine 
distribution shown by the two hog thyroid glands 
(Fig. 1d, e) and the rabbit thyroid gland (Fig. 1/) 
may be taken to be the pattern for normal mam- 
malian thyroglobulin. The macroscopically normal 
tissues from Miss Se.’s gland (Fig. 1g) and from 
Mrs Ru.’s gland (Fig. 1k) conform to this pattern. 
The patterns of iodine-distribution obtained with 
carcinomatous thyroid tissue (Fig. 1c), lung (Fig. 1a) 
and mediastinal (Fig. 1b) metastases from Mrs Pa., 
of carcinomatous thyroid tissue from Mrs Ri. 
(Fig. 17) and of carcinomatous thyroid tissue from 
Mrs Ru. (Fig. 11) are appreciably different from the 
normal pattern; the main difference is the higher 
proportion of proteins still in solution at 42% 
saturation with ammonium sulphate. Abnormal 
tissue from Miss Sce.’s gland (Fig. 1h) behaved very 
similarly to normal tissue from the same gland 
(Fig. 1g). This may be explained by the fact that 
histological examination showed this to be a case of 
benign adenoma and not a carcinoma. The reason 
for the abnormal pattern of iodine distribution 
obtained with normal (Fig. 17) as well as carcinoma 
(Fig. 1j) tissue from Mrs Ri.’s gland may be the 
difficulty of effecting a clean separation of normal 
and abnormal tissue on the basis of a macroscopic 
examination. The difference between the normal 
(Fig. 1m) and abnormal (Fig. 1”) iodine-distribution 
patterns of Miss To.’s gland consists largely of an 
increase in the fraction insoluble in 37 % saturated 
ammonium sulphate and a decrease in the thyro- 
globulin fraction of the abnormal tissue. 

In cases of Mr St. and Mrs Wr. the solubility and 
—AS/AC curves (Fig. 2) show differences in the 
salting-out of the iodine-containing proteins from 
extracts of normal and abnormal thyroid tissue, the 
latter proving to be carcinomatous on histological 
examination. The differences were slight in the case 
of Mr Ba., whose gland exhibited a benign, nodular 
degeneration. 

Comparison of the —AS/AC curves for the 
normal iodine-containing proteins from Mr St.’s 
(Fig. 2b) and Mrs Wr.’s (Fig. 2d) glands show that 
there are some differences in solubility properties 
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even between the normal thyroglobulin of different 
glands, whereas —AS/AC curves for the thyro- 
globulins of two normal portions of the same gland 
are virtually identical in the case of Mr St. (Fig. 25). 

There is a possibility that the peaks of the 
—AS/AC curves do not represent different pro- 
teins containing iodine, but that the precipitation of 
normal thyroglobulin in the presence of ammonium 
sulphate is modified by co-precipitation, at lower 
salt concentrations, with proteins of the abnormal 
thyroid tissue which do not contain iodine. This is 
believed to be unlikely for the following reasons: 
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Roche, Michel, Michel, Deltour & Lissitzky (1951) 
obtained a virtually normal solubility curve for 
protein containing ™!I when total beef plasma 
proteins (5-25 mg. of N/ml.) were added to the 
saline extract of labelled beef thyroid glands (con- 
taining 0-95 mg. of N/ml.). Roche, Michel, Michel, 
Deltour & Lissitzky (1950) obtained a virtually 
normal solubility curve for protein containing "I in 
extracts of the thyroid glands of dogs treated with 
thyrotrophic hormone, although the solubility 
curves obtained by measurements of protein 
nitrogen indicated the presence of appreciable 








35 36 37 38 39 40 41 42 35 36 37 38 39 40 41 42 35 36 37 38 39 40 41 42 
Concn. (C) of ammonium sulphate (°% of saturation) 


Fig. 2. 


131]-labelled proteins extracted from normal and abnormal thyroid tissues by 0-9% NaCl. 


Curves showing the change with ammonium sulphate concentration (C) of solubility (S) and of —AS/AC for the 


Saturated ammonium 


sulphate, pH 7-01, was used as precipitating agent at room temperature. The open circles refer to proteins from 


normal tissue and the full circles to proteins from abnormal tissue. 


(a) S curves for the ''I-proteins from 
R 


tissues of Mr St. Stl, normal tissue of left lobe; St + Stk, normal tissue of right lobe and isthmus; St®,, sample 1 of 


carcinoma tissue of right lobe; St®,, sample 2 of same. (b) 


-AS/AC curves for the tissues described under (a). 


(c) S curves for the 11I-proteins from tissues of Mrs Wr. WrX, normal tissue of left lobe; Wri, carcinoma tissue of 
left lobe; Wr8,, sample 1 of carcinoma tissue of right lobe; Wrk,, sample 2 of same. (d) —AS/AC curves for the 
tissues described under (c). (e) S curves for the 11I-proteins from tissues of Mr Ba. Bay, normal tissue of left lobe; 
Bak, abnormal tissue of left lobe; Bak, normal tissue of extra lobe. (f) —AS/AC curves for the tissues described 


under (e). 
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amounts of proteins other than thyroglobulin. On 
the other hand, the solubility curve for protein 
containing J in extracts of the thyroid glands of 
dogs treated with propylthiouracil suggested the 
presence of abnormal proteins that contained 
iodine. These results may be more readily visualized 
by inspecting the —AS/AC curves (Roche e¢ al. 
1951). Unfortunately no —AS/AC curves for the 
salting-out of the iodine-containing proteins of 
extracts of normal and hyperactive human thyroid 
glands are available, although Roche et al. (1952) 
concluded from the S curves that the '1I-proteins 
of the two groups were identical. The differences in 
shape and in the position of the main peaks between 
the — AS/AC curves for St? + St§ and St¥, on the one 
hand, and St®, and St, (Fig. 26), on the other, make it 
probable that there is a change in the nature of the 
iodine-containing proteins produced in carcino- 
matous thyroid tissue. This is confirmed by the 
curves for Wry and Wr’,, WrX, and Wri (Fig. 2d). 
The difference is less marked in the case of 
Bak, Bak and Bak (Fig. 2f), possibly because 
the abnormality of the gland was not due to 
carcinoma. 

The interpretation of the results of the quanti- 
tative analysis by paper chromatography, of the 
iodo-amino acids of thyroglobulin from normal and 
carcinomatous thyroid tissue of Miss To.’s gland is 
difficult. If the specific activities (uc of ™'I/pug. of 
277) of the 3-iodotyrosine from the normal and 
abnormal thyroglobulin are assumed to be the 
same, and the specific activities of the 3:5-diiodo- 
tyrosine from the normal and abnormal tissue are 
assumed to be the same, the two not necessarily 
being equal, then the results indicate a higher ratio 
of 3-iodotyrosine to 3:5-diiodotyrosine for abnormal 
than for normal thyroglobulin, suggesting that 
there is interference with the iodination mechanism 
If this 
assumption is not correct, however, the implication 
is that the rates of synthesis of the two com- 
pounds in normal and abnormal thyroid tissue are 
different. 

These results are preliminary to a fuller investiga- 
tion of the properties of the iodine-containing 
proteins with abnormal solubility which are present 
in carcinomatous thyroid glands. The present 
work was limited by the availability of appro- 


leading to formation of 3:5-diiodotyrosine. 
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priately labelled glands containing both normal 
and abnormal tissue in a form which could be 
separated. 


SUMMARY 


1. The method of purification of thyroglobulin 
by fractional precipitation with ammonium sulphate 
was applied to saline extracts of normal and 
abnormal thyroid tissues from patients given ™J, 
Characteristic patterns were observed of the distri- 
bution of 11 between the fractions obtained. 

2. The solubility (S) and —AS/AC curves for the 
iodine-containing proteins present in saline extracts 
of normal and carcinomatous thyroid tissues were 
found to differ. 

3. A quantitative examination by paper chro- 
matography, of the trypsin hydrolysates of the 
thyroglobulins isolated from normal and carcino- 
matous thyroid tissue of one patient indicated that 
the proportions of !'I present as 3-iodotyrosine and 
3:5-diiodotyrosine were approximately 1:1 and 5:1 
respectively in the normal and abnormal thyro- 
globulin. 
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The Oxidative Pathway of Carbohydrate Metabolism in Escherichia coli 


3. GLUCOSE 6-PHOSPHATE DEHYDROGENASE AND 6-PHOSPHOGLUCONATE 
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Optimum conditions for the assay of glucose 6- 
phosphate dehydrogenase (G 6-PD) and phospho- 
gluconate dehydrogenase (PGD) have been deter- 
mined for extracts of Escherichia coli (Scott & 
Cohen, 1953a). In the second paper of this series 
(Scott & Cohen, 19536) it was estimated that about 
40% of carbohydrate might be metabolized by 
these enzymes in vitro. During these experiments it 
was noted that the use of optimum conditions for 
preparation of the extracts gave values for activities 
of these two enzymes which were remarkably con- 
stant on the basis of units of activity per mg. of 
protein in the extracts. In this paper experiments 
are described whose results indicate that this is the 
case under various conditions of growth, with 
several different carbon sources, and also under 
conditions of infection with bacteriophage. Further 
correlations between glucose utilization by the cells 
the content of G6-PD and PGD are also 


presented. 


and 


METHODS 


The organisms investigated were Esch. coli strain B, for all 
substrates except arabinose, where strain B,,, was used 
(Cohen, 1953). Strain Bis unable to adapt itself to arabinose; 
strain B,,;is a mutant of B selected for growth on arabinose 
and grown on it for 15 passages. Conditions for growth for 
aerobic cultures with glucose or gluconate were the same as 
previously described (Scott & Cohen, 19536). The cultures 
were grown in rotating flasks or in cylinders equipped with 
aerators and with side arms which would fit into the Klett 
photocolorimeter. Anaerobic cultures were incubated in 
stationary deep culture in Erlenmeyer flasks, or were 
treated with bubbling N, (Cohen & Barner, 1955). Growth 
was followed, both by turbidity measurements at 420 myz., 
and by plate counts of the number of viable bacteria. To 
examine the effect of virus infection on the production of 
G6-PD and PGD Esch. coli B was grown in roller flasks, and 
when the cells were growing in their exponential phase they 
were infected with bacteriophage. The lysis-inhibiting r+ 
strains of the T-even series of bacteriophages were used so 
that longer periods of infection could be obtained than with 
rapid-lysing r strains. The cultures were allowed to incubate 


* Part 2: Scott & Cohen (19535). 


with aeration for varying lengths of time, and then chilled 
and harvested. Extracts were prepared as indicated below. 

To determine the glucose removed from the medium by 
the cells during growth, samples were removed at intervals, 
and either chilled in an ice bath or placed in a boiling-water 
bath for 2 min. and centrifuged and glucose was determined 
by the Nelson (1944) method. 

Extracts were prepared from the cells, and the activities 
of the glucose 6-phosphate dehydrogenase and phospho- 
gluconate dehydrogenase were measured according to the 
procedure previously described (Scott & Cohen, 1953a). 
A unit of activity is defined as that which produces an 
increase of 1 in density at 340 my. and is caused by the 
reduction of 0-16ymole of triphosphopyridine nucleotide 
(TPN). 

RESULTS 


A typical experiment for determining the rate of 
removal of glucose from the medium by the aerated 
cells growing in glucose is shown in Fig. 1 A. Table 1 
gives results of a different experiment and includes 
figures for the molecules of glucose taken up per 
cell/min. 


g. of glucose (by difference) removed from 
medium in y min. x 6-06 x 1075}, 
180 x mean no. of cells x y min. 


and also the activities of extracts of cells harvested 
during, and at the end of, the experiment. In four 
such experiments, the mean number of molecules of 
glucose taken up per cell/min. during the early 
logarithmic phase of growth was 7-3 x 107. 

A similar experiment in which cells were grown 
anaerobically with nitrogen bubbling is shown in 
Fig. 1 Band Table 2. During the first hour there was 
a lag phase in growth, and from 20 to 30x 107 
molecules of glucose were removed per cell/min. 
During the next 2 hr. the rate of growth was ex- 
ponential, and the pH value decreased by 0-4. 
Glucose was removed from the medium at a rate of 
8-12 x 10? molecules/cell/min. At a high turbidity 
of 210 at 420 mu. and a count of 1-7 x 10° cells/ml., 
and at pH 7-3 there was a break in the curves. For 
the next 2 hr. the rates of increase of turbidity and 





Table 1. 
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Esch. coli strain B grown in a roller flask in ‘52 


protein/min.) 


Molecules of substrate oxidized/cell/min. = 
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medium containing 4 mg. of glucose/ml. Units of activity (AD/mg. of 
increase in density at 340 my. produced by reduction of TPN. 
AD/ml. of extract x total ml. of extract x 6-06 x 107% 


6-22 x 10° x total no. of cells extracted 











Glucose G 6-PD PGD 
uptake r , A . 
Count Glucose (molecules/ (molecules/ (molecules/ Ratio: 
Time (cells/ml.) in medium cell/min.) (AD/mg. of  cell/min.) (AD/mg. of  cell/min.) G 6-PD 
(min.) x 10-9 (mg./ml.) x10-7 protein/min.) x10-7 protein/min.) x 10-7 PGD 
0 0-224 4-05 Si me i sas - _ 
60 0-305 3-68 a. — — _— — — 
90 0-385 3-51 _— — — _ _ 
110 0-80 3-15 — — — — — 
130 1-06 2-92 46 1-50 5-0 0-71 2% 2-1 
150 2-1 2-47 4A —_ — — — 
170 2-15 1-96 1-47 3-6 0-67 1-6 2-2 


100 





10 
0 100 200 0 100 200 300 400 
Time (min.) Time (min.) 
Fig. 1. Growth and glucose utilization. A, Aerobic: 


‘ 


bacteria were grown in a roller flask in ‘52’ medium 
containing 3 mg. of glucose/ml.; B, anaerobic: bacteria 
were grown in a Klett side-arm cylinder with bubbled N,. 
The medfum was ‘52’ containing 7-17 mg. of glucose/ml. 
T, turbidity with 420 mu. filter on Klett colorimeter; 
C, plate count x 10-7; G, glucose uptake from the medium 
(mg. of glucose/100 ml. of medium). 


of cell number, and the rate of glucose removal, were 
lower, until the limit of growth was reached at a 
turbidity of 400-450. The pH decreased by 1-0 in the 
2hr. The glucose was removed at the rate 
3—5 x 107 molecules/cell/min. 

The turbidity at which the break occurred varied 
with different experiments, in Fig. 1B at 220, but 





of 


Table 2. Glucose uptake during anaerobic growth 


The culture was grown under the conditions described in 
the legend to Fig. 1B. 


Glucose Glucose 
content utilized 
Count of medium  (molecules/ 
Time _(cells/ml.) (mg./ml. cell/min.) 
(min.) x 10-% pH of medium) x 10-7 
0 0-165 78 aX7 ‘ 
60 0-16 a 6-32 = 
120 0-50 _ 5-40 = 
140 0-64 7-6 5-47 93 
165 1-0 7-45 4-84 .* 
180 1-5 7:33 4-56 10-3 
200 18 71 3-54 ri 
220 2-0 7-0 3-12 3-4 
240 2-75 6-7 a sa 
260 2-4 6-6 2-18 a 
280 3-2 6-7 1-45 2-4 
320 — 6-4 0-53 18 
350 3-2 6-4 0 : 


usually between 300 and 400. In two experiments 
cells were harvested before the break, in two at the 
break, and in the others after it. 

The results of anaerobic experiments with glucose, 
and the mean activities of the enzymes in the 
extracts of cells grown on glucose, both aerobically 
and anaerobically, are shown in Table 3. The time of 
harvest in relation to the break in the growth 
curve had no significant effect on the enzyme 
activities of the extracts. 

When the cells were grown under nitrogen with 
potassium gluconate as the carbon source, they 
were adapted to growth on gluconate in air before 
anaerobic conditions were established. In Expt. 1 
of Table 4 the inoculum had been grown on glu- 
conate in air, to a turbidity of 180. The inoculum 
(50 ml.) was added to 112 ml. of medium containing 
potassium gluconate, to give a concentration of 
4-5 mg./ml. Nitrogen was bubbled and growth was 
logarithmic after a lag of 30 min., with a doubling 
The cells were harvested at a 


time of 85 min. 
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turbidity of 280, and the plate count of viable cells 
was 1-26x10°/ml. For Expt. 2, 50ml. of an 
inoculum grown anaerobically on glucose was 
added to 150 ml. of medium containing potassium 
gluconate, to give a concentration of 12-2 mg./ml. 
The culture was aerated, and after a 60 min. lag 
phase logarithmic growth was established. After 
a further 60 min. nitrogen was bubbled. Doubling 
time was 75 min., and there was a break in the 
growth rate at a turbidity of 250. The cells were 
harvested at a turbidity of 315, and the number of 
cells was estimated to be 1-6 x 10°/ml. The activities 
of the extracts obtained in these two anaerobic 
experiments, and the mean data on aerobic gluco- 
nate cells, are shown in Table 4. There was no 
significant difference between these values. 
When p-arabinose was the carbon source 
growth (Expts. 3 and 5, as shown in Table 5) an 
inoculum of stock culture of strain B,,, was grown 
overnight in synthetic medium containing 0-5 mg. 
of glucose/ml. and 1-0 mg. of D-arabinose/ml. An 
overnight culture (100 ml.) was diluted with 100 ml. 
of synthetic medium with p-arabinose, so that the 


for 


Table 3. 
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culture contained 7 mg. of D-arabinose/ml. Growth 
in the roller flask was logarithmic, with a doubling 
time of 95 min. The cells were harvested when the 
turbidity was 350, and the number of viable cells 
1-7 x 10°. 

When lactate was the carbon source, cells of 
strain B were grown overnight in synthetic medium 
containing 3 mg. of sodium lactate/ml. To 100 ml. 
of this culture were added 200 ml. of synthetic 
medium in a roller flask, andsodium lactate toacon- 
centration of either 3-6 or 6 mg./ml. The doubling 
time was 120 min. Cells were harvested during 
exponential growth in Expts. 7 and 9, and 17 hr. 
after growth had ceased in Expt. 8. When cells were 
grown on either D-arabinose or lactate, the extracts 
obtained had activities which were within the same 
range as with other substrates (Table 5). There was 
no growth of these cultures of Esch. coli on the latter 
two substrates under anaerobic conditions, even 
when cells were pre-adapted to the substrate in air. It 
was noted by Stephenson & Whetham (1924) that no 
growth of Esch. coli occurred on lactate or acetate, 
glycerol or succinate in an atmosphere of nitrogen. 


Activities of enzymes from bacteria grown on glucose under anaerobic conditions 


inzyme activities of extracts 


PGD 


G 6-PD 


7 2 « ime 
(molecules/ Ratio: 





Turbidity Count (molecules/ on 
Time of Gas at (cells/ml.) (AD/mg. of cell/min.) (AD/mg. of  cell/min.) G 6-PD 
harvest phase 420 mu. <10-® protein/min.) <10-7 protein/min.) x 10-7 PGD 

Before break N, 260 1-8* 1-87 2-6 0-93 1:3 2.0) 
Before break N, 310 1-87 1-45 2-6 1-02 1-7 1-4 
After break 300 N, 400 3-0* 1-67 2-6 0-95 1-17 1-8 
At break Nz 400 3-0* 1-54 2-1 0-85 1-15 1-8 
After break Ne 420 2-07 1-33 2-4 0-66 1-24 2.0) 
Break at 300 N, 315 1-87 1-40 2-9 0-93 1-85 15 
After break No aeration 340 2-07 1-30 2-5 0-99 18 3 
After break No aeration 234 1-8* 1-50 2-6 0-75 1-3 2.0) 
Break at 400 No aeration 455 3-17 1-93 2-4 0-92 1-2 2-] 
Mean Anaerobic _ -- 1-55 2-5 0-87 1-36 18 
Standard deviation — — — +0-27 +0-2 +0-12 +0-26 1-9 
Mean Air a ions 1-67 (24)t 4-7(18) | O-87(12) 2-75 (12) 
Standard deviation — — _- +0-48 oe LO-15 +0-63 

* From standard curve relating turbidity to count. 

+ Plate count. 

{ Number of experiments in brackets. 

Table 4. Activity of extracts of cells grown on gluconate under anaerobic conditions 
G 6-PD PGD 
Turbidity a \c eaten a , 
s (molecules Ratio: 


at harvest 


(molecules/ G6PD 


Expt. Gas galvanometer (AD/mg. of  cell/min.) (AD/mg. of  cell/min.) . 
no. phase readings) protein/min.) 10-7? protein/min.) x10 PGD 
Air —~ Mean 1-54 (13)* 3-35 (9) 0-765 (13) 1-81 (9) 2-0 
S.D. +0-45 +1-3 +0-27 +0-52 — 
] N, 280 1-32 4-0 0-80 2-4 1-65 
2 N, 315 1-90 4-7 0-96 2-1 2-0 


* Number of tes 


ts in parentheses. 








Experiments with bacteriophage 


Experiment with T-6r+. Cells were grown in 
300 ml. of synthetic medium containing glucose in 
two roller flasks in the incubator at 36° to a turbidity 
of 460 and 475 indicating 1-8 x 10° cells/ml. The 
contents of one flask were removed, and chilled and 
harvested as usual. To the other 300 ml. were added 
15 ml. of a suspension of T-6r+ which contained 
7-4x 10" infectious particles/ml. and 3ml. of 
0-5 % (w/v) solution of tryptophan, the absorption 
co-factor for T-6. The multiplicity or virus to cell 
ratio was 20. Samples were removed at intervals for 
the determination of turbidity. After continued 
aeration for 30 min., 150ml. was removed. The 
remaining 120 ml. was harvested at 90 min. The 
cells were centrifuged, washed with saline and 
weighed as a wet pellet. 

Each pellet was ground with alumina and was 
extracted three times with 5 vol. of 0-1M amino- 
trishydroxymethylmethane (tris) buffer at pH 8-0. 
The extracts of the infected bacteria were very 
viscous and cloudy. Centrifuging for 2hr. at 
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10 000 g was not sufficient to clear the extracts, 
although pellets of virus were deposited at the 
bottom of the tubes. The protein contents and the 
enzyme activities of the first extracts are shown as 
Expt. 1 in Table 6. Computed on the basis of protein 
content the enzymic activities of the extracts so 
obtained were the same as those of extracts pre- 
pared from normal cells. 

Experiments with T-2r+. Cells were grown in 
300 ml. of synthetic medium containing glucose in 
the roller flask at 37°. At a turbidity of 335, and 
a plate count of 1-08 x 10° cells/ml., 100 ml. were 
removed and harvested. To the rest of the culture 
were added 2 ml. of a suspension of T-2r+ witha 
plaque count of 7-5 x 10" infectious particles/ml. 
This allowed infection of each cell with seven virus 
particles. After 15 min., 100 ml. was removed, and 
after 60 min., 68 ml. remained. Both portions were 
chilled and centrifuged. The infected cells were 
neither washed nor weighed, but immediately 
ground with alumina and extracted once with 
10 vol. of 0-05 tris. As shown in Expt. 2 of Table6, 
the protein content of the extracts of infected cells 


Table 5. Activities of enzymes of extracts from cells grown with aeration on D-arabinose and lactate 


Enzyme activities of extracts 








AL 
G 6-PD PGD 
c : = < a ; = p 
Turbidity Count (molecules/ (molecules/ Ratio: 
Expt. (galvanometer (cells/ml.) (AD/mg. of  cell/min.) (AD/mg. of  cell/min.) G 6-PD 
no. Substrate readings) x10-® protein/min.) x10-7 protein/min.)  x10-? PGD 
3 p-Arabinose 335 (1-6)* 1:31 (2-3)* 0-61 (1-10)* 2-1 
4 p-Arabinose -- — 1-86 — 0-74 — 2-5 
5 p-Arabinose 350 1-7 1-08 3-5 0-83 2-90 1-3 
6 p-Arabinose - — 1-32 -- 0-47 _— 2-8 
7 Lactate 495 2-4 1-43 2-66 0-77 1-41 1-9 
8 Lactate 6807 5-6 1-52 0-96 0-73 0-46 2-0 
9 Lactate 405 2-4 1-34 1-96 0-81 1-17 1-7 
* Estimated. + Resting cells. 
Table 6. Enzyme activities of extracts of virus-infected cells 
Enzyme activities of extracts 
oe eee Pa ninrteme : 
G 6-PD PGD Ratio: 
Expt. Virus Time Protein (AD/mg. of (AD/mg. of G 6-PD 
no. Virus type per cell (min.) (mg./ml.) protein/min.) protein/min.) PGD 
] T-6r + 20 0 27-2 1-29 0-59 2-2 
30 11-0 1-78 0-93 1-9 
90 16-0 1-25 0-44 2-85 
2 T-2r+ 7 0 9-8 1-37 0-98 1-4 
15 6-7 2-24 1-19 1-9 
60 5:3 1-77 1-66 1-1 
3 T-2r + 5 0 10-3 1-22 0-69 1-8 
20 10-6 1-50 0-85 1-8 
60 8-5 1-32 0-61 2-2 
4 T-2r + 7 0 10-5 2-14 0-91 2-2 
40 13-0 1-31 0-62 2-1 
Mean 0 — 1-50 0-79 1-9 
Mean All virus — — 1-60 0-90 1-8 
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was lower than that of extracts of normal cells, and 
enzyme activities of the extracts were higher than 
normal, especially the phosphogluconate dehydro- 
genase. The total activity of the extracts of the 
infected cells was the same as, or slightly higher 
than, that of the uninfected cells. 

In Expt. 3, cells at a turbidity of 300 were infected 
with five particles of T-2r+ per bacterial cell and 
harvested at 20 and 60 min. The cells were neither 
washed nor weighed, but were ground and extracted 
twice, with 10 and 5 vol. of tris respectively. The 
ratios are normal. 

The cells in Expt. 4 were harvested 40 min. after 
infection with T-2r + : the pellet was extracted once 
with 0-1M tris, the uninfected cells with 10 vol., and 
the infected cells with about 7 vol. The activities of 
the extracts of infected cells were somewhat lower 
than the control, but the ratio was unchanged. 


DISCUSSION 


The experiments on glucose uptake by the growing 
bacteria were undertaken to verify the validity of 
the application to our system of Esch. coli B of 
Monod’s (1942) findings that the limit of growth of 
bacteria was proportional to the amount of glucose 
supplied in the medium. On this basis, it had been 
calculated that glucose was used at a mean rate of 
8 x 10° molecules/cell/min. (Scott & Cohen, 19535). 
By determination of the glucose removed from the 
medium at intervals, a mean rate of 7:3 x 10? 
molecules of glucose taken up per cell/min. was 
obtained during early exponential phase of growth 
in air. This agrees fairly well with the value calcu- 
lated on Monod’s hypothesis. During the last hour 
the rate decreased. When aeration was sufficient, 
the logarithmic rate of increased turbidity was 
constant until growth stopped through exhaustion 
of either the carbon source or the nitrogen source. 
The pattern of anaerobic growth on _ glucose 
(measured turbidimetrically), either in deep sta- 
tionary cultures or with bubbled nitrogen, was 
different from that of aerobic cultures. The rate of 
growth changed at some point between a turbidity of 
200 and 400, and growth finally ceased at 400-450. 
The rate of glucose removal showed the same shape 
of curve, and growth ceased before either glucose or 
the nitrogen source had been exhausted. Although 
the pH fell faster after the break occurred, it had 
not fallen far enough to inhibit growth. Addition of 
NaOH to bring the pH back to 7-0 after growth had 
ceased did not allow further growth. According to 
Gale & Epps (1942) Esch. coli has the same rate of 
growth between pH 5-5 and 8-2. It may, therefore, 
be conjectured that some metabolic product was 
inhibiting growth. Dagley & Dawes (1953) found 
a similar cessation of growth with Aerobacter 


aerogenes grown in unaerated cultures on citrate, 
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when both citrate and excess ammonium sulphate 
were present, and the pH was 7-0. Acetate was the 
metabolic product responsible for inhibition of 
further growth. 

For determination of the significance of the 
difference between values for activity of extracts of 
cells grown aerobically or anaerobically Student’s ¢ 
test was applied. The activities of G 6-P, determined 
by the change in optical density at 340 mp., were 
calculated in terms of umoles of TPN reduced by 
G 6-P per mg. of protein/min., with 6-22 x 10° as the 
molecular extinction coefficient of TPN (Horecker 
& Kornberg, 1948). The values obtained were 
0-268 pmole for aerobic conditions, and 0-247 pmole 
for anaerobic conditions. The probability was 0-6 
that this difference was due to chance, and therefore 
the difference is not significant. When calculated 
as molecules of G 6-P/cell/min., the values were 
4:75x 10? and 2-55x 10" respectively, and the 
probability was less than 0-015. These appear to be 
significant differences. Under anaerobic conditions 
differences of rate between stationary deep culture 
and cultures bubbled with nitrogen, calculated on 
either basis, are not significant; nor are those 
between cultures harvested before, at, or after the 
break in the growth curve. 

PGD activities in terms of pmoles of TPN 
reduced by PG per mg. of protein of the extracts 
from bacteria grown under different conditions, 
and with different carbon sources, were all of the 
same order (0-139 + 0-024), and showed nosignificant 
differences. However, on the single-cell basis the 
value 1-36x 107 molecules of TPN reduced by 
PGD per cell/min. under anaerobic conditions with 
glucose as the carbon source were significantly 
lower than the value 2-75 x 10’ under aerobic condi- 
tions (P=0-01 by ¢ test). 

The constancy of the activities of the extracts per 
mg. of protein under all conditions of growth and 
with different substrates is not in contra-distinction 
to the significant difference between the activities in 
molecules of substrate oxidized per cell. This latter 
may be ascribed to the difference in size of the 
bacteria under different conditions. The cells 
harvested during the logarithmic phase of growth on 
glucose under aerobic conditions are larger than 
cells harvested from any other cultures (Henrici, 
1928; Hershey & Bronfenbrenner, 1938). 

In some of our experiments there was a partially 
synchronized pattern of growth, so that at one time 
most of the cells were large, and 10 min. later most 
cells had divided and were small. This pattern of 
synchronized cultures will be discussed in a later 
paper. 

From the two experiments with gluconate under 
anaerobic conditions, it would seem that the lack of 
oxygen does not decrease the size of the cells as it 
does when glucose is the carbon source. There was no 
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significant difference in the activity of G 6-PD per 
mg. of bacterial protein or in molecules oxidized per 
cell/min. whether the cells were grown with N, or 
with air. The same was true of PGD, which again 
showed half the activity of the former enzyme. 

The bacteria grown on arabinose and lactate 
contained both enzymes with activities which fall 
within the normal range. In the lactate experiment, 
where ceils were grown to high turbidity and left 
overnight in the cold room, the cells were small and 
the activities on a cell basis were very low. 

The difference between the activities of the 
extracts on G 6-P and 6-PG is highly significant. 
The former was oxidized at twice the rate of the 
latter. This is in agreement with previous data 
(Scott & Cohen, 19535). 

It is interesting to compare the rates of glucose 
removed from the media by the cell and the extract- 
able G 6-PD activities. During the early phase of 
aerobic growth more glucose (up to 10 x 107 mole- 
cules/cell/min.) is removed and a portion is probably 
incorporated into the cells as glycogen (Dagley & 
Dawes, 1949; Levine, Stevenson, Tabor, Bordner & 
Chambers, 1953) while the cell is enlarging. During 
the later phase of growth glucose is removed at 
a rate of 4-5x 10? molecules/cell/min. and the 
activity of G 6-P varies from 4 to 6 x 107 molecules 
oxidized/cell/min. The correspondence is striking. 
However, at the same time PGD activity is only one- 
half of G 6-P activity. During anaerobic growth 
glucose is removed during the initial phase at a 
higher rate, which falls during the later phase to 
2—4 x 107 molecules/cell/min., while the G 6-PD and 
PGD activities are 2-5 and 1-4 molecules/cell/min. 
respectively. The measurement of isotopic CO, 
derived from the first C atom of glucose gives an 
indication of PGD activity in vivo which would seem 
to bea maximum of less than 40% of the glucose used 
(Cohen, 1951). Thus we are faced with the alter- 
natives, either that measurement of the G 6-PD in 
cell-free extracts represents only the capacity of 
cell enzyme which is not fully utilized in the cell 
and that this is less true for the PGD, or that the 
G 6-PD activity accounts for the full use of G 6-P 
at least during the later phase of aerobic growth and 
that the excess of PG is metabolized in some way 
other than by PGD, perhaps by the enzyme system 
MacGee & Doudoroff (1954) found in 
Pseudomonas which produces 2-o0xo-3-deoxy-6- 
phosphogluconate and then splits it into two 3- 


which 


carbon fragments. 

Anaerobic utilization of glucose might be carried 
on with a small constant activity of G 6-PD and 
PGD presumably to supply the ribose for the 
synthesis of ribonucleic acid and for other com- 
pounds derived from ribose 5-phosphate and the 
rest by another pathway, presumably the Embden— 
Meyerhof aldolase splitting of fructose-1:6-diphos- 
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phate. Or the dehydrogenases may be present as 
constitutive enzymes and not active at all. So far 
we do not yet have the data to derive any valid 
conclusions in this matter. 

The glucose 6-phosphate-dehydrogenase activity 
of the extracts of infected cells was not significantly 
lower than the mean activity of extracts from normal 
Esch. coli, strain B. In fact, cells extracted up to 
30 min. after infection tended to have a higher 
activity than the uninfected controls or the cells 
infected for longer periods. The phosphogluconate- 
dehydrogenase activity showed a similar pattern in 
infected cells except in one experiment (Expt. 2, 
Table 6) where the activity of the extract, 60 min. 
after infection, was increased by 6 times the 
standard deviation from the mean, that is, the 
value was 1-7 times the control. 

Thus infection with bacteriophage does not de- 
crease the extractable activity of these enzymes nor 
does phage present in the extracts interfere with the 
functioning of these enzymes in vitro. Lysis with 
phage could be used for preparation of these dehydro- 
genases from Esch. coli as well as for other enzymes 
(Pardee & Kunkee, 1952; Sher & Mallette, 1953). 

It may be concluded therefore that the bacterio- 
phage exerts its effects in changing the metabolism 
of the cell from self duplication to formation of 
phage, not by decreasing the amount of G 6-P and 
PG dehydrogenases, but by other enzymic changes. 
The dehydrogenases are still present, but by iso- 
topic evidence do not appear to be as active in the 
cell during infection by bacteriophage (Lanning & 
Cohen, 1954). 

The most noteworthy result of these experiments 
is the constancy of these two dehydrogenases in 
terms of activity/mg. of kacterial protein under all 
the conditions tested in Esch. coli. 


SUMMARY 


1. Escherichia coli has been grown in synthetic 
medium with glucose or gluconate under aerobic 
and anaerobic conditions, and with arabinose and 
sodium lactate under aerobic conditions. 

2. Glucose 6-phosphate dehydrogenase in ex- 
tracts from cells grown under all conditions tested 
reduced triphosphopyridine nucleotide (TPN) at 
a mean rate of 0-26 pmole/min./mg. of protein. 

3. Phosphogluconate dehydrogenase in the same 
extracts reduced TPN at a mean rate of 0-14 »mole/ 
min./mg. of protein. 

4. Activity of these enzymes in terms of mole- 
cules of substrate oxidized/min./cell were calcu- 
lated, and compared with the uptake of glucose 
from the medium as experimentally determined. 

5. Infection with T-6r+ or T-2r+ bacteriophage 
did net change the extractable activity of glucose 
6-phosphate dehydrogenase or phosphogluconate 
dehydrogenase in Esch. coli. 
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The Oxidative Pathway of Carbohydrate Metabolism 
in Escherichia coli 
4. FORMATION OF ENZYMES INDUCED BY 2:4-DINITROPHENOL 
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The constancy of the extractable activity of the 
enzymes of the oxidative pathway of hexose 
phosphate metabolism was demonstrated in the 
previous papers of this series (Scott & Cohen, 1953); 
Scott, 1956). An investigation into the effects of 
various enzyme inhibitors revealed that Escherichia 
coli grown in the presence of 2:4-dinitrophenol 
(DNP) had increased amounts of extractable 
activity of glucose 6-phosphate dehydrogenase 
(G 6-PD), while the extractable phosphogluconate 
dehydrogenase (PGD) activity was unchanged 
(Scott, 1954). An enzyme was found in these 
extracts which degrades phosphogluconate (PG) 
without the need for triphosphopyridine nucleotide 
(TPN). The conditions under which the DNP acts 
and some preliminary data on the PG-degrading 
enzyme are reported here. 


METHODS 


The bacteria, Esch. coli strain B, were harvested and 
extracted, and the enzyme activities were determined as 
previously described (Scott & Cohen, 1953a; Scott, 1956). 
Growth was followed by plate counts of viable bacteria and 
by turbidity, which was read on a Klett-Summerson photo- 
colorimeter, with a 660 mu. filter instead of the 420 mp. 
filter to avoid the effect of the colour of the DNP. The DNP 
was added to the medium as 0-02M solution neutralized 
with NaOH. Glucose was determined by the anthrone 
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method (Morris, 1948; Dreywood, 1946; or Trevelyan & 
Harrison, 1952). Pyruvate was determined by the method of 
Friedemann & Haugen (1943). 


RESULTS 


Effect of DNP on the enzyme activity in vitro. 
DNP in concentrations from 1 x 10-* to 1 x 10-?w in 
the reaction mixture in which the activities of 
G 6-PD or PGD were determined had no significant 
effect on the activity of either enzyme. 

Effect on respiration. DNP had the usual effect of 
increasing the total oxygen uptake of the bacteria 
respiring in the presence of glucose. Oxygen uptake 
was prevented if DNP was added before the glucose 
to resting cells. 

Effect on glucose uptake. There was no significant 
effect of DNP at a concentration of 2 x 10-*M upon 
the rate of removal of glucose from the medium by 
the growing bacteria (Fig. 1). The mean rate was 
7 x 10? molecules of glucose removed per cell/min. 
Bacteria which were in the resting state, i.e. which 
were suspended in aerated medium containing 
glucose but with no nitrogen source, removed glu- 
cose at the rate of 4 x 10® molecules/cell/min., in the 
absence or presence of DNP. 

Effect on growth. Patterns of bacterial growth in 
the presence of DNP were not reproducible. Under 
aerobic conditions, 2 x 10-*m DNP usually had no 
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inhibitory action on growth with glucose, as 
measured by the increase in turbidity, although the 
plate counts of viable cells were usually lower than 
normal (Fig. 1). Above this concentration DNP 
inhibited growth, almost completely at 2 x 10-*M. 
When cells were growing under anaerobic conditions, 
the extent and pattern of inhibition seemed to de- 
pend on the previous history of the cell population. 
The inoculum for the experiment shown in Fig. 2.4 
wasaculture which had ceased growing under anaero- 
bic conditions. The growth pattern obtained when 
the inoculum consisted of a suspension of cells from 
an actively growing anaerobic culture is shown in 
Fig. 2B. When the same inoculum was used for a 
culture which was aerated the pattern was similar, 
with early inhibition and later recovery, and the 
rate of growth after recovery was the same as the 
anaerobic rate without DNP (Fig. 2C). The effect 
of DNP on adaptation to anaerobic conditions was 
tested in one experiment. DNP (2x 10-*M) was 
added to an aerated culture. Change of the gas phase 
from air to nitrogen inhibited growth for about 
30 min.; growth was resumed at an anaerobic rate. 


300 


200 





10 


Oo 


50 100 150 0 50 100 150 
Time (min.) Time (min.) 


Fig. 1. Effect of DNP on growth and glucose uptake. 
Cultures were grown in two rotated flasks at 36°. Each held 
200 ml. of 52 medium containing 4 mg. of glucose/ml. 
At 85 min. DNP was added to one to a concentration 
of 2-5x10-4m. At 110 and 140 min., one-half of the 
contents of each flask was removed and harvested for 
enzyme analysis. (Because of the removal of samples, the 
roller speed was variable, and evidently not great enough 
for full aeration.) O, plate counts (x 10-7) obtained 
without additions; @, plate counts (x 10-7) obtained 
with added DNP; x, turbidity measured at 660 mz.; 
A, glucose removed from medium (mg. x 107); A, glucose 
removed from medium with added DNP (mg. x 10%). 
A=growth; B=glucose utilization. 
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The effect of 2x 10-4m DNP on the growth on 
gluconate of cells previously adapted to gluconate is 
shown in Fig. 3A. The growth of aerated cultures 
was depressed to a rate close to that of normal 
anaerobic cultures. Under anaerobic conditions, 
DNP decreased the rate about one-half. 

One observation was made for which the mech- 
anism is not yet apparent. In the experiments 
shown in Tables 3 and 5 it was found that a sub- 
stance analysing as yyruvate appeared in the 
medium, at a concentration of 170 yg./ml. at 15, 30 
and 60 min. after the addition of DNP (2 x 10-4m). 
At 120 min. the pyruvate was no longer detectable. 
The pyruvate was isolated as the 2:4-dinitrophenyl- 
hydrazone, with m.p. 220° (uncorr.) and an ab- 
sorption peak at 430 my., identical with authentic 
dinitrophenylhydrazone of pyruvic acid prepared in 
the same way. (A similar pattern of appearance of 
pyruvate in the medium of growing Streptomyces 
griseus has been noted by Hockenhull, Fantes & 
Herbert (1954). See also Quastel, Stephenson & 
Whetham (1925) for production of pyruvate by 
Esch. coli grown with lactate and nitrate.) 


Turbidity of culture at 660 mu. 





0 100 200 0 100 0 100 200 
Time (min.) 

Fig. 2. Effect of concentration (mM) of DNP on growth of 
anaerobic cultures with glucose. A: inoculum was grown 
overnight under N, to a turbidity of 330, and was in a 
resting state; 1 ml. was put into 21 ml. of 52 medium 
containing 10 mg. of glucose/ml., and DNP as indicated. 
The cultures stood for 30 min. before N, was bubbled 
without change of turbidity; temp. 37°. B: inoculum was 
grown in deep stationary culture, and was still growing; 
5 ml. was put into 15 ml. of 52 medium containing 15 mg. 
of glucose/ml. and DNP as indicated. N, was bubbled 
through. C’: the same as B except that air was bubbled 
through. 
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Esch. coli strain B, grown on glucose, would not 
adapt to growth on sodium lactate in the presence of 
DNP. When the inoculum was adapted to lactate, 
growth was slightly inhibited by 2x 10-4m DNP. 
Growth on D-arabinose was not inhibited by 
5x 10->m DNP (Fig. 3B). 


Effect of growth in the presence of DNP 
on extractable-enzyme activity 


Dehydrogenases for G6-P and PG. Cells were 
harvested after varying periods of growth in the 
presence of DNP and the extracts were prepared. 
The rate of reduction of TPN was measured in 
buffer solutions containing samples of the extracts 
and G 6-P or PG. The activities in terms of the 
increase in density at 340 my./min./mg. of protein 
in the extract, and the ratio between the two 
dehydrogenase activities, are shown in the tables. 
The values shown in Table 1 were obtained with 
extracts of aerated cultures, either resting or grow- 
ing with glucose in the medium. When there was no 
ammonium sulphate in the medium and hence no 


B Lactate Lactate + 
DNP 





Arabinose 
x 


Turbidity at 660 my. 


300 400 


0 100 200 0 100 200 
Time (min.) 


Fig. 3. Effect of DNP (2 x 10-4M) on growth with gluconate 
as carbon source. A: Inoculum was grown overnight in 
aerated culture containing 2 mg. of potassium gluconate/ 
ml. The aerated cultures were grown in roller flasks in 
150 ml. of 52 medium containing 5 mg. of potassium 
gluconate/ml. The DNP concentration in one was 
2x10-4m. The anaerobic cultures were grown in Klett 
side-arm cylinders with an aerator through which N, was 
bubbled. One hundred and fifty ml. of 52 medium con- 
tained 5 mg./ml. of K gluconate. DNP concentration in 
one was 2x10-4m. B: effect of DNP (2x 10-4m) on 
growth on lactate and DNP (5x 10-5m) on growth on 
D-arabinose. The cultures were prepared and grown as 
indicated in Table 4. 
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growth, there was no change in the enzyme activities 
after the addition of DNP. With a nitrogen source 
in the medium growth occurred and the extracts 
were found to have an increased rate of reduction of 
TPN in the solutions of G 6-P; with PG the rate was 
unchanged. This accelerated G 6-P activity was 
directly proportional to the length of time the cells 
were grown in the presence of DNP up to at least 
120 min. (Fig. 4). G6-PD was also increased by 
DNP when the cells were grown under anaerobic 
conditions (Tables 2 and 3). The development of 
increased G 6-PD took a longer time with gluconate 
than with glucose (Fig. 5). The effect of different 
concentrations of DNP is demonstrated in Fig. 6. 
There was no change at 2x 10-°m; 5x 10M to 
1 x 10-*m concentrations were effective; 2 x 10-*m 
DNP inhibited growth markedly and G 6-PD 
formation was not stimulated. 

If arabinose or lactate was supplied to the cells 
as growth metabolite no significant effect of DNP 
on extractable enzyme activity was perceptible 
(Table 4). 
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Mean NoDNP 15 30° 60° 120° 
Fig. 4. Dehydrogenase activities of extracts of cells grown 
on glucose with DNP (2x10-‘m). The cultures were 
prepared and grown as indicated in Table 1. 
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Fig. 5. Dehydrogenase activities of extracts of cells grown 


on potassium gluconate with DNP (2x 10-'m). The 
cultures were prepared and grown aerobically as indicated 


in Table 3. 
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Reversal of DN P effect on G 6-PD. Cultures were 
grown in the presence of 2 x 10-*m DNP for 1 or 
2 hr. Part of the culture was harvested and extracts 
were prepared. The other half was washed in medium 
containing no ammonium sulphate. A sample of the 
bacteria suspension was inoculated into complete 
52 medium for the growing culture. The rest was 
incubated without a nitrogen source as a resting 
culture. Then both cultures were harvested and 
extracts prepared. It was found that the extracts of 


Table 1. 
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the resting bacteria still showed increased G 6-PD 
activity. The extracts of the bacteria which had con- 
tinued growth after removal from the medium 
containing DNP lost the excess of G 6-PD when they 
were allowed to grow from a turbidity of 22 to 140, as 
in the glucose experiment, but not when the growth 
was only to a turbidity of 97 from 31, as in the glu- 
conate experiment. A greater dilution of the excess 
of enzyme had occurred in the more rapidly dividing 
bacteria. These results are summarized in Table 5. 


Effect of DN P on dehydrogenases of aerobic cells grown on glucose 


For resting-cell cultures, the inoculum was grown overnight on glucose and with bubbled air. The cells were centrifuged, 
washed once with saline and suspended in 52-N medium containing no (NH,),SO,. Glucose (2 mg./ml.) was added, of 
which 1 mg./ml. was removed by the cells in 3 hr. The culture was aerated at 37°. For growing cultures, a similar inoculum 
was put into complete 52 medium containing glucose. DNP was added to the cultures and the times of incubation were as 
indicated. Activity is expressed as increase in absorption at 340 my./mg. of protein/min. One AD/mg./min. is equivalent 
to the reduction of 0-16 umole of TPN/mg. of protein/min. (Values italicized are significantly greater than mean values 


without DNP.) 


DNP 
c oem 
Expt. Growth Conen. 
no. phase (mM) 
Mean* All 0 
1 Resting 0 
2x10-4 
1 x 10-3 
2 Resting 2x 10-4 
3 Growing 0 
2x10-4 
4 Growing 0 
2x 10-4 
5 Growing 0 
2x10-* 
6 Growing 2x“ 
7 Growing 0 
2 xi 
8 Growing 0 
1x 10-5 
2x 10-4 
9 Growing 2xI0-5 
2x 10-4 


Table 2. 


Enzyme activities of extracts 








2. . _ = ats ~ 
= Ratio: 
Time G 6-PD PGD G 6-PD 
(min.) (AD/mg./min.) (AD/mg./min.) PGD 
-— 1-67 0-87 1-92 
— 2-44 1-32 1-85 
180 2-40 1-06 2-26 
180 2-04 1-04 1-96 
180 2-50 1-26 1-98 
— 1-50 0-71 2-12 
30 3°26 0-76 4:3 
- 2-14 0-91 2-36 
45 4-24 0-85 50 
= 1-47 0-67 2-20 
80 4-55 0-77 a9 
120 8-24 1-02 8-0 
180 1-48 0-92 1-61 
180 5:90 0-93 6-35 
- 0-96 0-70 1-37 
180 2-10 1-25 1-67 
240 3°30 0-68 50 
180 2-90 1-10 2-46 
180 12-00 1-41 8-5 


Effect of DNP on dehydrogenases of anaerobic cells growing on glucose 


The cultures were prepared and grown as indicated in Table 1, except that nitrogen was bubbled through the aerator 
tubes. Values italicized are considered to be significantly greater than mean values. 


DNP 

Expt. Conen. Time 
no. (mM) (min.) 
Mean* 0 = 
13 0 ae 
2 x 10-4 120 

11 0 ae 
5 x 10-5 180 

12 0 — 
Lx Io“ 210 


Enzyme activities of extracts 





2 Ra Ratio: 
G 6-PD PGD G6-PD 
(AD/mg./min.) (AD/mg./min.) PGD 
1-55 0-87 1-78 
1-45 1-02 1-42 
4:15 1-02 4:03 
1-87 0-93 2-01 
3-08 0-85 3-62 
1-33 0-66 2-00 
3-03 0-64 1-73 


* Mean for extracts of cells grown aerobically or anaerobically taken from Scott (1956). 
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PG-degrading enzyme. Experiments were under- 
taken to determine whether PG was split without 
oxidation by TPN. Extracts (0-02—0-2 ml.) were 
incubated at 37° with limited amounts of PG 
(0-1 zmole) in 0-05mM buffer (total volume 1 ml.) at 
pH 7-4. After an interval of time TPN was added to 
measure the amount of PG remaining. No bivalent 
cations were added since it was found that Ca?+, 
Mg?*, and Mn?* inhibited the degrading enzyme. 
These cations also inhibit the re-oxidation of TPN. 
Therefore determinations of PG were corrected for 
this re-oxidation by extrapolation as shown in Fig. 7. 


Table 3. 
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Destruction of PG was proportional to the amount 
of extract in the mixture (Fig. 8), as well as to the 
time it was allowed to act. The enzyme was very 
labile and lost up to 80% of the activity within a 
few hours at 0°. It was extremely sensitive to Ca?+ 
concentration; 0-0067mM inhibited the reaction 
completely and 0-00083™M inhibited it by 50%. 
Preliminary tests indicated maximal activity from 
pH 5-2 to 7-6. Optimum conditions for stability 
and for action of the degrading enzyme have not 
been determined. From the data so far obtained, 
rates on non-oxidative disappearance of PG were 


Effect of DNP with potassium gluconate as carbon source 


The cultures were prepared as in Table 1 except that potassium gluconate (4 mg./ml.) was the carbon source. Values 
italicized are considered to be significantly larger than control values. 


Turbidity count 


Enzyme activities 
of extracts 


DNP 
Expt. Gas Conen. Time 
no. Condition phase (m) (min.) 
14 Resting* Air 0 — 
14 Resting Air 2x10-4 180 
14 Resting Air 1 x 10-3 180 
15 Growing Air 0 ae 
15 Growing Air 2x 10-* 180 
16 Growing Air 5 x 10-4 120 
15 Growing Air lLxi¢-? 210 
19 Growing Air 0 — 
19 Growing Air 2x10-4 165 
19 Growing Nz 0 - 
19 Growing Ne 2x 10-* 270 


TPN reduced 
(“moles/mg. of protein/min.) 


SPeoo Hm fm em em aby 


SONAR DON ARD‘'O 


* Not previously adapted to growth on gluconate. 





0 


aie ed eee age ees Ratio: 
At G 6-PD PGD G 6-PD 
660 mp. (x10-%) (ADjmg./min.) (AD/mg./min.) PGD 
280 ~ 2-18 1-16 1-88 
226 - 2-18 1-06 2-06 
212 - 2-58 1-18 2-20 
167 2-5 2-16 0-79 2-74 
167 1-5 10-3 0-86 12-0 
87 0-48 7-8 0-78 10-0 
122 0-95 10-2 0-86 11-9 
245 1-7 1-42 0-84 1-69 
132 1-4 6-11 0-91 6-7 
185 1-3 1-32 0-80 1-65 
80 0-5 4-45 0-70 6-3 








UZ 2. ZZ 
2x107> 5 x1075 11074 2 «10745 x1074 1x1073 2x1073 


DNP concn. (™) 


Fig. 6. Effect of concentration of DNP on enzyme activities of cells grown on potassium gluconate. The cultures 
were prepared as indicated in Table 3 and grown aerobically for 120 min. 


Table 4. 


Effect of DN P during aerobic growth on lactate and arabinose 


Cultures were prepared as in Table 1 except that p-arabinose (5 mg./ml.) or sodium lactate (6 mg./ml.) was added to the 


media instead of glucose. 


Expt. 


20 


p-Arabinose 


21 


Lactate 


Enzyme activities of extracts 


DNP 


es Ratio: 

Conen. Time G 6-PD PGD G 6-PD 
(M) (min.) (AD/mg./min.) (AD/mg./min.) PGD 

0 1-31 0-61 2-16 

5x 10-5 240 1-71 0-61 2-8 

0 - 1-43 0-77 1-86 

2x10-4 360 1-60 0-74 2-16 
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ffect of transferring cells grown in the presence of DNP to medium without DNP 


KB 


Table 5. 
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calculated in terms of pmoles degraded per min./mg. 
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if to a solution in which TPNH had been completely 
re-oxidized, further PG was added, there was an 
immediate increase in the density at 340 mp. The 
activity of the oxidase did not seem to be affected 
by the presence of DNP in the growth medium. 
Ascorbic acid or oxidized glutathione and cysteine 
increased the rate of re-oxidation of TPNH. 

Effect of sodium azide. Experiments similar to 
those with DNP were undertaken, using azide in the 
growth medium. A concentration of 1x 10°m 
inhibited growth about 10% and 2 x 10-°m about 
20 %. The results in Table 8 show slight increases in 
G6-PD which are of questionable significance. 
There were variable effects on the degrading 
enzyme activity; inhibition was usual after 30 min. 
and later the enzyme activity was recovered. 
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Density E at 340 mu. 
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Fig. 8. Effect of enzyme concentration on degradation of 
PG. Each 1 ml. cuvette contained 0-088 pmole of PG in 
0-05mM aminotrishydroxymethylmethane (pH 7-2) and 
amounts of enzyme indicated. TPN was added after 
15 min. incubation at 36°. Total volume was 1 ml. 
A, 0-05 ml. of extract contained 0-26 mg. of protein; 
B, 0-10 ml. of extract contained 0-52 mg. of protein; 
C, 0-15 ml. of extract contained 0-78 mg. of protein; 
D, 0-05 ml. of extract was added after TPN. 
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DISCUSSION 


The evidence seems unequivocal that the pheno- 
mena observed represented the induced increase of 
one or more enzymes. The G 6-PD is an enzyme 
which is normally present in the Esch. coli cells with 
activity which is constant in terms of mg. of protein, 
under all tested conditions of growth. The increased 
formation of enzyme has been brought about by a 
drug which has no structural relationship to the 
natural substrate of the enzyme. DNP has been 
found to block the synthesis of adaptive enzymes in 
many systems. It is possible that DN P blocks other 
pathways of metabolism of G 6-P with the result 
that substrate is piled up, and that more enzyme is 
formed in response to the increased G 6-P concen- 
tration. 

If the increased extractable enzyme were 
indicative of greater activity in vivo, it would be 
expected that more PG would be formed. However, 
no increase of PGD could be demonstrated, either in 
cells grown in the presence of DNP, or when gluco- 
nate was the carbon source for growth. So other 


Table 6. Increase in degrading enzyme with time 
of incubation of extracts with DN P (2 x 10-4*m) 
In Expt. 9 extracts were prepared from cells grown 
aerobically on glucose. In Expt. 10 extracts were prepared 
from cells grown aerobically on potassium gluconate. 


PG degraded 
Time (umoles/min./mg. 





Expt. no. (min.) of protein) 
9 15 0-0018 
30 
60 0-0039 
120 0-0044 
10 15 0-0010 
30 0-0019 
60 0-0061 
120 0-0068 


Table 7. Activities of degrading enzyme in extracts 
of cells grown in presence of DN P 
In Expts. 7 and 8 extracts were prepared from cells grown 


aerobically on glucose for 180 min. In Expts. 17 and 15 cells 
were grown aerobically on potassium gluconate for 180 min. 


pmole of 


Expt. Conen. DNP PG/min./mg. 
no. (mM) of protein 
17 0 0-0046 
1x10-4 0-0080 
5x 10-4 0-0082 
2x10-3 0-0037 

7 0 0-0003 
2x10-* 0-0020 
1 x 10-3 — 

8 0 0-0007 
2x10-* 0-0030 

15 0 0-0030 
2x 10-4 0-0036 
1x 10-3 0-0041 
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Table 8. Dehydrogenase activities of cells grown in the presence of sodium azide 


Values italicized are considered to represent significant increases over control values. 


Azide 


f 

Expt. Conen. 

no. Carbon source (mM) 
22 Glucose 0 

2x10 

2x10 

2x10 


om 


23 Gluconate 0 
1 x 10-5 
2x10-5 


24 Gluconate 
x 10 
x10 
x 10-3 


x 10 
x 10 
x 10 
x 10 


mh 
~- - 


25 Gluconate 


ty bo to be 
>» & 


enzymes were sought which might be able to act 
on PG. Entner & Doudoroff (1952) described an 
enzyme occurring in Pseudomonas saccharophila 
which brought about the non-oxidative cleavage of 
PG. This organism respiring on glucose or gluconate 
in the presence of DNP or arsenite produced ap- 
proximately 2 molecules of pyruvic acid/molecule of 
substrate. One molecule of pyruvate was formed by 
way of glyceraldehyde phosphate. Extracts of 
organisms grown on glucose produced pyruvate 
from excess PG at 30° at a rate of 0-06 pmole/min./ 
ml. of extract. If it is assumed that the extracts 
contained about 10mg. of protein/ml. the rate 
would be 0-006 pmole/min./mg. of protein. In the 
experiments described in this paper pyruvate 
appeared in the medium during growth of Esch. coli 
in the presence of DNP and, in extracts prepared 
from such organisms, an enzyme was present which 
was able to degrade PG in the absence of pyridine 
nucleotides. Extracts of bacteria grown on glucose 
alone had slight activity. Extracts of bacteria 
grown on glucose in the presence of DNP, or on 


gluconate, caused significant destruction of PG. Of 


the extracts investigated, the most active was 
prepared*from cells grown on gluconate, and this 


caused the disappearance of 0-012 umole of PG/ 


min./mg. at 37° and pH 7-4. The rates of reaction of 


the extracts were of the same order as that reported 
by Entner & Doudoroff (1952) for extracts of Ps. 
saccharophila. These rates are less than one-tenth 
that of the PG oxidation by the dehydrogenase. 
Since the products of this reaction and the optimum 
conditions for its occurrence have not been deter- 
mined for Esch. coli, it is as yet impossible to esti- 
mate the importance of the non-oxidative degrada- 
tion of PG to the total cell metabolism of Esch. coli. 


Extract activities 








G 6-PD PGD Ratio: 
Time (AD/min./mg. (AD/min./mg. G 6-PD 
(min.) of protein) of protein) PGD 

— 1-72 0-86 2-0 
110 2-01 1-13 1-78 
110 1-98 0-97 2-04 
110 1-68 1-02 1-65 
— 1-8 1-01 18 
120 2-8 0-98 2-9 
120 2-4 0-96 2-5 
-- 2°5 1-00 2°5 
90 2-7 1-02 2-5 
90 3°42 1-13 3-02 
90 2-9 0-74 39 
15 1-91 0-66 2-86 
30 2-20 0-77 2-86 
60 2-70 0-88 3°07 
120 2-30 0-88 2-62 
SUMMARY 
1. When Escherichia coli was grown in the 


presence of 2:4-dinitrophenol, there was a two- to 
six-fold increase in the activity of glucose 6-phos- 
phate dehydrogenase in the cell-free extracts. 
There were no changes in the phosphogluconate- 
dehydrogenase activity of these extracts. 

2. When Esch. coli was grown in the presence 
of sodium azide, the changes in the extractable 
activities of either enzyme were of questionable 
significance. 

3. Extracts of Esch. coli were capable of de- 
grading 6-phosphogluconate slowly in the absence of 
pyridine nucleotides. This activity was greater in 
cells grown with gluconate in the medium than with 
glucose, and was increased by the presence of DNP. 

The work described in this paper was conducted under a 
grant from the Commonwealth Fund and a United States 
Public Health Service grant C2189. 
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Interest in the acetic acid analogues* of thyroxine 
[3:5 - diiodo - 4 - (4’ - hydroxy - 3’:5’ - diiodophenoxy)- 
phenylacetic acid] and triiodothyronine [3:5-diiodo- 
4-(4’-hydroxy-3’-iodophenoxy)phenylacetic acid] 
has been stimulated by the observations of Thibault 
& Pitt-Rivers (1955), who demonstrated that both 
substances produced an immediate rise in the rate of 
oxygen consumption of rat-kidney slices and, at 
certain dose levels, in the basal metabolic rate of 
thyroidectomized rats. When tested in rats both 
substances had previously been shown to exert 
thyroxine-like activity, results which led Pitt- 
Rivers (1953) to suggest that there is strong pre- 
sumptive evidence that these compounds may play 
a part in the metabolism of the thyroid hormone. 
Trotter (1955) showed that triiodothyroacetiec acid 
produced a beneficial effect in human myxoedema, 
though attempts to demonstrate an immediate rise 
in the basal metabolic rate were inconclusive. 

As a supply of these substances was required for 
investigation by a number of techniques applied to 
other analogues of thyroid hormones in these 
laboratories, a study has been made of their 
methods of preparation. 

Diiodothyroacetic acid and the tetraiodo-com- 
pound were originally prepared by Harington & 
Pitt-Rivers (1952), and Pitt-Rivers (1953) sub- 
sequently obtained the triiodo compound by partial 
iodination of the diiodo derivative. The starting 
material used by these authors was the relatively 
inaccessible 3:5-diiodo-4-(4’-methoxyphenoxy)ben- 
zaldehyde, but the synthesis of thyroxine by 
Borrows, Clayton & Hems (1949) suggested a more 
convenient preparative route for the required 
compounds. 

p-Hydroxyphenylacetic acid was nitrated and the 
dinitro-derivative converted into its ethyl ester (I). 
The toluene-p-sulphonyl derivative of the ester 
reacted in anhydrous pyridine with p-methoxy- 


* The term thyroacetic acid has been suggested by 
Pitt-Rivers (1953) for the 4-(4’-hydroxyphenoxy)phenyl- 
acetic acid system of these compounds. For convenience 
this term is used where appropriate throughout this paper. 
The trivial names triac and tetrac have been applied to the 
3:5:3’-triiodo and 3:5:3’:5’-tetraiodo derivatives respectively 
(Trotter, 1955; Heimberg, Park, Isaacs & Pitt-Rivers, 1955). 


phenol under conditions similar to those used by 
Borrows, Clayton, Hems & Long (1949) to give 
ethyl 3:5-dinitro - 4- (4’- methoxyphenoxy)pheny]- 
acetate (II). Catalytic reduction followed by tetrazo- 
tization of the resulting diamine and reaction with 
aqueous sodium iodide gave ethyl 3:5-diiodo-4- 
(4’-methoxyphenoxy)phenylacetate (III) in good 
yield. Concurrent hydrolysis and demethylation of 
the latter with hydriodic acid gave the required 
diiodothyroacetic acid (IV), which on iodination 
produced the triiodo- (V) and tetraiodo- (VI) com- 
pounds. 

A preliminary account of this synthesis has 
already appeared (Wilkinson, 1955). 

Recent studies of the deiodination of thyroxine 
and triiodothyronine in liver homogenates (Mac- 
lagan & Sprott, 1954; Sprott & Maclagan, 1955; 
Maclagan & Reid, 1955) have shown that an 
aerobic system is involved. This implies that the 
deiodination may be hydrolytic rather than re- 
ductive in nature. If this is so then the first product 
from thyroxine would be 3’-hydroxy-3:5:5’-triiodo- 
L-thyronine and, from triiodothyronine, 3’-hydroxy- 
3:5-diiodo-L-thyronine. Attempts have therefore 
been made to synthesize these two compounds so 
that their biological properties could be investi- 
gated. 

A route similar to that outlined above was em- 
ployed. 3:5-Dinitro-N-acetyl-L-tyrosine ethyl ester 
was condensed with 3:4-methylenedioxyphenol 
(sesamol) to give 3:5-dinitro-4-(3’:4’-methylenedi- 
oxyphenoxy)phenyl-N-acetyl-L-alanine ethy] ester, 
which was reduced and the resulting diamine tetra- 
zotized. The tetrazonium salt reacted with sodium 
iodide to give the corresponding 3:5-diiodo com- 
pound. This material proved difficult to hydro- 
lyse completely for, although it was easily saponified 
to 3:5-diiodo -4-(3’:4’-methylenedioxyphenoxy)- 
phenyl-N-acetyl-L-alanine, attempts to remove the 
acetyl group by heating with mineral acids gave 
brownish products which could not be purified. 
Similar difficulties were experienced when attempts 
were made to remove the protecting methylene 
group at the same time. 

The results of the biological investigations will be 


reported later. 
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EXPERIMENTAL 
Synthetic methods 


Melting points are not corrected. Micro-analyses were by 
the Organic Micro-analytical Laboratory of Imperial 
College. : 
p-Hydroxyphenylacetic acid. p-Nitrophenylacetic acid 
(Hopkin & Williams, Ltd., London) was catalytically 
reduced to the corresponding p-amino compound (Ferber & 
Bendix, 1939). The latter (11-7 g.) was dissolved in hot 
4n-H,SO, (200 ml.) and cooled. The resulting suspension of 
the sulphate was diazotized at 0° by the gradual addition of 
a solution of NaNO, (5-35 g.) in water (15 ml.) over 1 hr. 
The mixture was kept at 0° for a further 1 hr., then run into 
mechanically stirred boiling 2N-H,SO, (200 ml.) at such 
a rate that the temperature was kept at 85-95°. Boiling and 
stirring were continued for a further 45 min., after which 
a small amount of gummy material was removed. The 
cooled solution was extracted several times with ether and 
the combined ether layer extracted three times with 
2n-NaOH (50 ml., 2 x25 ml.). The alkaline solution was 
acidified with 2N-HCl and the product extracted into ether. 
The ethereal solution was dried (Na,SO,) and the solvent 
removed. Yield: 10-7g. (91%); m.p. 146-147°. After 
crystallization from water the product melted at 148°, in 
agreement with the figures in the literature. 
4-Hydroxy-3:5-dinitrophenylacetic acid. Nitric acid (sp.gr. 
1-42, 11-5 ml.) was added dropwise to a mechanically 
stirred solution of p-hydroxyphenylacetic acid (8-56 g.) in 
acetic acid (32 ml.). The temp. was initially maintained at 
20-25° by external cooling but, when about half the HNO, 
had been added, the temperature was allowed to rise to 


(1) Catalytic hydrogenation 
(2) Tetrazotization 
(3) Reaction with Nal 
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45-50° and was maintained in that range until the addition 
was complete. Excessive heating resulted in partial oxida- 
tion with consequent diminution in yield. After the addi- 
tion, which required about 2hr., was completed, the 
mixture was kept at 45-50° for 30 min. The volatile acids 
were removed under reduced pressure and the crystalline 
residue was treated with water (60 ml.). The product was 
collected by filtration, washed twice with water (20 ml.) and 
dried at 20°/3 mm. over NaOH and silica gel. Yield: 10-6 g. 
(78%). After crystallization from water, the dinitro acid 
formed bright-yellow needles, m.p. 176-177°. (Found: 
C, 39-9; H, 2-8; N, 11-8. C,H,O,N, requires C, 39-7; H, 2-5; 
N, 116%.) 

When H,SO, was used in place of acetic acid and the excess 
acids were neutralized with NaOH, the main product was 
a tar from which only small yields of the required acid could 
be isolated. Treatment of the tar with acetone gave a small 
quantity of a crystalline solid which appeared to consist of 
the mono-sodium salt of 5-carboxymethyl-2-hydroxy-3- 
nitrobenzenesulphonic acid. (Found: C, 31-1; H, 2-9; N, 
5-5; 8, 10-0. C,H,O,NSNa requires C, 32-1; H, 2-0; N, 4-7; 
8, 10-6%.) 

Ethyl 4-hydroxy-3:5-dinitrophenylacetate (1). The dinitro 
acid (9-63 g.) was suspended in dry CHCl, (300 ml.) con- 
taining ethanol (50 ml.) and toluene-p-sulphonic acid (1 g.). 
The mixture was heated under reflux in an apparatus 
designed for the separation of water. After 4 hr. a clear 
solution was obtained and the theoretical amount of water 
had separated. The solution was cooled to about 30° and 
extracted with N-Na,CO;. When the temperature was 
allowed to fall below 25° the sparingly soluble sodium salt 
was liable to crystallize. Immediately after separation the 
alkaline layer was acidified with HCl to precipitate the 
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required ester. The gum which separated crystallized on 
trituration. The solid (10-0 g., 93%) was washed with water 
and dried over silica gel at 20°/3 mm. The ester crystallized 
from ethanol in pale-yellow needles, m.p. 71°. (Found: 
C, 44-5; H, 3-8; N, 10-4. C,9)H,)0,N, requires C, 44-5; H, 3-7; 
N, 10-4%.) 

Ethyl 3:5-dinitro-4-(4’-methoxyphenoxy)phenylacetate (11). 
A mixture of ethyl 4-hydroxy-3:5-dinitrophenylacetate 
(9-5 g.), toluene-p-sulphonyl chloride (7-0 g.) and anhydrous 
pyridine (12 ml.) was heated at 95-100° for 30 min. p- 
Methoxyphenol (8-4 g.) was then added and the bath 
temperature raised to 125-+5° for 2 hr. Throughout this 
period N, was passed through the mixture. After the bulk 
of the pyridine had been removed by distillation under 
reduced pressure, the residue was dissolved in acetone 
(40 ml.) and the solution passed through a column of 
Al,O, (15 em. x2. cm.). Acetone was passed through the 
column until the eluate was almost colourless. The combined 
eluate was evaporated to dryness and the residue triturated 
with benzene (150 ml.) and n-KOH (100 ml.). The aqueous 
layer was discarded and the benzene layer washed succes- 
sively with n-KOH, n-HCl and water. After filtration to 
remove a small amount of solid material, the benzene 
solution was concentrated to about 50 ml. and passed 
through a column of Al,O, (20 em. x 2 em.). The column was 
eluted with benzene and the yellow eluate evaporated to 
dryness. The residue which crystallized on standing proved 
to consist of the required diphenyl ether (9-85 g., 75%). 
Recrystallization from ethanol gave yellow prisms of 
ethyl 3:5-dinitro-4-(4’-methoxyphenoxy)phenylacetate, m.p. 
76°. (Found: C, 54-1; H, 4-35; N, 7-8. C,,H,,O,N, requires 
C, 54:3; H, 4-25; N, 7-45%.) 

Ethyl 3:5-diamino-4-(4’-methoxyphenoxy)phenylacetate. A 
solution of the dinitro ester (12-7 g.) in ethanol (250 ml.) was 
hydrogenated at latm. with 5% Pd-CaCO, catalyst 
(5g.). The H, absorbed was 103 % of the theoretical amount. 
The catalyst was removed by filtration and the solvent 
evaporated, these and all subsequent operations being 
conducted as far as possible in an atmosphere of N,. The 
resulting diamine (yield: about theoretical) failed to 
crystallize and rapidly discoloured on exposure to air. The 
product was therefore characterized by heating a sample at 
60-70° with acetic anhydride to form the diacetyl derivative, 
which crystallized from ethanol in colourless needles, m.p. 
204-205°. (Found: C, 63-0; H, 6-0; N, 7-3. C,,H,,0,N; 
requires C, 63-0; H, 6-0; N, 7-0%.) 

Ethyl 3:5-diiodo-4-(4’-methoxyphenoxy) phenylacetate (111). 
The diamino ester (10-6 g.) was dissolved in a mixture of 
H,SO, (sp.gr. 1-84) (30 ml.) and acetic acid (30 ml.), and 
tetrazotized at 0+ 2° with a solution of NaNO, (4-64 g.) in 
H,SO, (sp.gr. 1-84) (40 ml.) and acetic acid (40 ml.). The 
addition of the nitrite solution occupied about 45 min. 
After standing for a further 1 hr. at 0°, the tetrazo solution 
was added over 5 min. to a mixture of a solution of Nal 
(20 g.), I, (10 g.) and urea (4g.) in water (300 ml.) and 
CHCl, (100 ml.), mechanical stirring being employed 
throughout the addition and for 1 hr. subsequently. The 
CHCl, layer was separated and washed free from I, with 
10% (w/v) Na,S,O;, then with water. The solvent was 
removed and the gummy residue purified by chromato- 
graphy. A solution in benzene (20 ml.) was applied to a 
column of Al,0O, (Hopkin & Williams Ltd. ‘Activated, for 
Chromatographic Analysis’) (22cm. x2em.) which was 
eluted with the same solvent. The eluate was collected in 
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three fractions. The first two of 70 and 100 ml. gave 0-22 and 
12-2 g. respectively of the diiodo ester on evaporation (total 
yield: 69%). The third fraction (100 ml.), on evaporation, 
gave a pale-yellow oil (0-17 g.) which could not be induced to 
crystallize. The first two fractions were combined and re- 
crystallized from ethanol. The product was obtained as 
colourless needles, m.p. 87°. (Found: C, 37-8; H, 3-1; I, 
46-7. C,,H,,0,1, requires C, 38-0; H, 3-0; I, 47-2%.) 
3:5-Diiodo-4-(4’-methoxyphenory)phenylacetic acid. The 
ethyl ester (0-295 g.) was hydrolysed by boiling under reflux 
with N-NaOH (5 ml.) for 45 min. The cooled solution was 
acidified with HCl to precipitate the acid, which was purified 
by solution in 0-1N-Na,CO, and precipitation with HCl. 
Yield: 0-240 g. (86%). It crystallized from 60% (v/v) 
aqueous ethanol in colourless prisms, m.p. 161—162°. 
(Found: C, 35-8; H, 2-8; I, 49-2. C,;H,,0,I, requires C, 35-3; 
H, 2-4; I, 49-8 %.) 
3:5-Diiodo-4-(4’-hydroxyphenoxy)phenylacetic acid (IV). 
A solution of ethyl 3:5-diiodo-4-(4’-methoxyphenoxy)- 
phenylacetate (9-5 g.) in acetic acid (60 ml.) was heated 
under reflux with HI (sp.gr. 1-7, 50 ml.) and red P (0-5 g.) for 
1 hr. The hot solution was filtered and the filtrate concen- 
trated at 50°/15mm. to about 20 ml. The residue was 
treated with water (70 ml.) containing a little Na,S,O, to 
decolorize the product. The solid was collected by filtration 
and purified by the method of Harington & Pitt-Rivers 
(1952). Yield: 8-36 g. (95%). After crystallization from 70% 
(v/v) acetic acid it melted at 219°. Harington & Pitt-Rivers 
(1952) report m.p. 214-216-5°. (Found: C, 33-9; H, 
2-3; I, 51-2. Calc. for C,,H,90,I,: C, 33-9; H, 2-0; I, 
51-2%.) 
3:5-Diiodo-4-(3’ : 5’-diiodo-4’-hydroxyphenoxy)phenylacetic 
acid (V1). This was obtained in 93% yield when the diiodo 
acid was iodinated by a method similar to that of Harington 
& Pitt-Rivers (1952). The product, crystallized from 60% 
(v/v) methanol and dried at 25°/3 mm. over silica gel, proved 
to be an alcoholate whose melting point depended on the 
rate of heating: 212° (decomp.) (slow), 219-220° (decomp.) 
(rapid). Harington & Pitt-Rivers reported 219-220° 
(decomp.). (Found: C, 23-7; H, 1-8; I, 65-0; loss in weight at 
100°/3 mm., 4:1. C,,H,O,1,,CH,.OH requires C, 23-1; H, 
1-54; I, 65-1; CH,;.OH, 4-1%). When heated to constant 
weight at 100°/3 mm. the product gave the following figures 
on analysis. (Found: C, 23-0; H, 1-3; I, 67-0. Cale. for 
C,,H,0,1,: C, 22-4; H, 1-1; I, 67-9%.) Tetraiodothyroacetic 
acid proved to be somewhat unstable when dissolved in 
either ethanolic or alkaline solutions, especially when 
heated. Oxidation appeared to occur with the formation of 
a brownish material insoluble in methanol. 
3:5-Diiodo-4-(3’-iodo-4’-hydroxyphenoxy)phenylacetic acid 
(V). When the diiodo acid was iodinated as described by 
Pitt-Rivers (1953) the triiodo compound was obtained in 
81% yield. After crystallization from 50% (v/v) methanol, 
triiodothyroacetic acid was obtained as colourless needles 
which melted over the range 65-90°, according to the rate of 
heating. The molten form resolidified at about 110° and 
finally melted at 180-181° without decomposition. Pitt- 
Rivers reported that her material had an indeterminate 
m.p. in the neighbourhood of 100°. The compound, dried at 
25°/3 mm. over silica gel, contains methanol of erystalliza- 
tion. (Found: C, 27-0; H, 2-3; I, 60-2; loss in weight at 
100°/3 mm., 2:2. C,,H,O,1,, }CH,.OH requires C, 27-3; H, 
1-7; 1,59-8; CH,.OH, 2-5 %.) When dried at 100°/3mm., the 
following analytical figures were obtained. (Found: C, 27-2; 
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H, 1-8; I, 61-9. Calc. for C,,H,O,I,: C, 27-0; H, 1-45; I, 


61-2%..) 

3:4- Methylenedioxyphenol (sesamol). This was prepared by 
the oxidation of piperonal with peracetic acid substantially 
as described by Béeseken, Cohen & Kip (1936). The yield of 
60% obtained by these authors could not be reproduced, the 
best yield in these laboratories being 38%. The method of 
isolation was therefore modified. The crude product (from 
75 g. of piperonal) in ethereal solution was extracted into 
n-NaOH. After washing with ether the alkaline solution was 
acidified with HCl and the product extracted into ether. 
The extract was dried (Na,SO,) and the solvent removed. 
The residue, on distillation at 90° (bath temp.)/10-4 mm., 
gave the required phenol (31-6 g., 46%), m.p. 63-65°. 
Béeseken et al. (1936) report m.p. 65-8°. A sample for 
analysis was further purified by sublimation at 72°/ 
10-4 mm., followed by crystallization from light petroleum 
(b.p. 60-80°). It formed needles, m.p. 64-5°, which remained 
colourless when exposed to air for several months. Béeseken 
et al. stated that their product became pink on storage. 
(Found: C, 60-8; H, 4-5. Cale. for C,H,O,: C, 60-8; H, 
4-35 %.) 

The toluene-p-sulphonate was prepared in 82% yield by 
shaking a solution of sesamol (0-69 g.) in 2N-NaOH (2-75 ml.) 
with toluene-p-sulphonyl chloride (1-05 g.) at 60° for 
30 min. Excess of NaOH was then added and the mixture 
shaken at 20° for a further 30 min. to decompose unreacted 
sulphonyl chloride. The ester was collected by filtration, 
washed with water, and dried over silica gel. It crystallized 
from light petroleum (b.p. 80-100°) in colourless prisms, 
m.p. 86-87°. (Found: C, 57-3; H, 4-1; 8S, 11-0. C,,H,,0;S 
requires C, 57-6; H, 4-1; 8, 10-9%.) 

3:5 - Dinitro - (3’:4’ - methylenedioxyphenoxy)phenyl - N - 
acetyl-L-alanine ethyl ester. A solution of 3:5-dinitro-N- 
acetyl-L-tyrosine ethyl ester (Chalmers, Dickson, Elks & 
Hems, 1949) (11-7 g.) and toluene-p-sulphonyl chloride 
(7-3 g.) in dry pyridine (10 ml.) was heated on a steam bath 
for 30 min. Sesamol (9-5 g., 2 mol. prop.) was added and the 
mixture heated in an oil bath at 130-140° for 2 hr., N, being 
bubbled through the mixture to ensure adequate mixing and 
to exclude O,. When the N, was omitted or when higher 
reaction temperatures were employed, the yield of the 
required product was considerably reduced. The pyridine 
was removed under reduced pressure and the warm residue 
dissolved in CHCI, (100 ml.). The CHCl, solution was ex- 
tracted successively with 2N-HCl, 2N-NaOH and water, 
after which the solvent was removed. Attempts to crystal- 
lize the residue were unsuccessful, so the crude material was 
dissolved in acetone (50 ml.) and passed through a column of 
Al,O; (Hopkin & Williams ‘ Activated, for Chromatographic 
Analysis’) (20 em. x 2 cm.). Elution with the same solvent 
gave a clear yellow solution which, on evaporation, furnished 
an orange-coloured glass which could not be induced to 
crystallize. It was highly soluble in most organic solvents 
but insoluble in light petroleum. Yield: 10-5 g. (66%). A 
sample for analysis was obtained by distillation at 190- 
200° (bath)/10-> mm. (Found: C, 51-4; H, 4-2; N, 9-2. 
CH 909N requires C, 52-0; H, 4-1; N, 9-1%.) 

3:5 - Diamino - (3’:4’ - methylenedioxyphenoxy)phenyl - N - 
acetyl-L-alanine ethyl ester. A solution of the dinitro ester 
(20 g.) in methanol (150 ml.) was treated with 2% Pd on 
BaSO, (20 g.) and hydrogenated at 19° and 1 atm. pressure. 
The theoretical amount of H, was absorbed. The catalyst 
was filtered off under N, and the solvent removed from the 
colourless filtrate. The residue (16-8 g., 96%) solidified on 
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treatment with light petroleum (b.p. 40-60°) to crystals, 
m.p. 58°, which rapidly discoloured on exposure to air. The 
base was highly soluble in methanol and ethanol but 
sparingly soluble in ether, light petroleum and benzene. As 
it could not be distilled at 210° (bath)/10-* mm., it was 
characterized as its more stable dihydrochloride, which was 
obtained by passing dry HCl through an ethereal solution of 
the base containing a little methanol. The salt was washed 
with ether and dried, when it was obtained as a mauve- 
coloured solid, m.p. 191—193° (decomp.). (Found: C, 51-3; 
H, 6-0; N, 8-6; Cl, 12-3. Cy9H,,0,N,,2HCl requires C, 50-6; 
H, 5:3; N, 8-9; Cl, 15-0%. 

The diacetyl derivative was obtained by heating the base 
with acetic anhydride and pyridine. It crystallized from 
90 % (v/v) ethanol in needles, m.p. 212-5-213° ; [a] ft + 59-9° 
in CHCl, (c, 0-22). (Found: C, 59-0; H, 5-7; N, 8-8. C.,H,;0,N 
requires C, 59-3; H, 5-6; N, 865%.) 

3:5 - Diiodo -4 - (3’:4’ - methylenedioxyphenoxy) phenyl - N - 
acetyl-L-alanine ethyl ester. The crude diamine (16-5 g.) was 
suspended in acetic acid (35 ml.) and dissolved by the 
gradual addition of H,SO, (sp.gr. 1-84, 17-5 ml.) at about 
20°. The solution was added dropwise over 50 min. to a 
stirred and cooled (—8° to —2°) solution of NaNO, (7-5 g.) 
in H,SO, (sp.gr. 1-84, 54:5 ml.) to which acetic acid (110 ml.) 
had previously been added. The tetrazo solution was stirred 
at 0° for 40 min., then added over 10 min. to a mixture of 
a solution of Nal (35 g.), I, (29 g.) and urea (4-5 g.) in water 
(570 ml.) and CHCI, (200 ml.). The temperature rose to 40°. 
The mixture was mechanically stirred for 30 min. then left 
overnight. The CHCl, layer was separated, washed with 
10% (w/v) NaHSO, to remove I,, then with water. The 
solvent was removed and the residue, dissolved in ben- 
zene (100 ml.), passed through a column of alumina 
(30 cm. x 2 cm.). The product was eluted with benzene and 
the eluate evaporated. The residue (13 g., 51%) crystallized 
on treatment with ether to a solid. Pure 3:5-diiodo-4-(3':4’- 
methylenedioxy phenoxy) phenyl-N-acetyl-L-alanine ethyl ester 
was obtained from ethanol as colourless prisms, m.p. 142- 
143°; [a] 7? + 8-5° in ethanol (c, 1-0). (Found: C, 38-5; H, 3-4; 
N, 2-2; I, 40-3. C.)9H,O,NI, requires C, 38-5; H, 3-1; N, 2-2; 
I, 408%.) 

3:5 - Diiodo - 4 - (3’:4’ - methylenedioxyphenoxy)phenyl - N - 
acetyl-L-alanine. A solution of the ethyl ester (1 g.) in 
ethanol (20 ml.) and n-NaOH (14 ml.) was kept at 25° for 
30 min., then acidified to Congo red with HCl. The gummy 
material solidified on trituration with water. The solid was 
extracted with 0-2N-NaHCO, and the extract filtered and 
acidified with HCl. The acetamido acid (0-70 g., 73%) was 
washed in water and dried. It crystallized from 90% (v/v) 
ethanol in colourless needles, m.p. 215-216°; [«]}} +37-8° in 
0-05N-NaOH (c, 1-745); [«]7 +10-0° in acetone (c, 1-45). 
(Found: C, 36-8; H, 2-9; N, 2-35; I, 42-4. C,,H,,O,NI, 
requires C, 36-3; H, 2-5; N, 2-35; I, 42-7%.) 

Attempts to remove the acetyl group by heating the acid 
(1-07 g.) under reflux with HCl and acetic acid gave a brown 
solid (0-85 g.) which dissolved readily in ethanol containing 
a little HCl and in alkalis, but was insoluble in most organic 
solvents. It charred at about 180° and evolved I, at about 
295° without melting. The analytical figures (Found: C, 
33-0; H, 3-35; I, 41-4. C,,H,,0;NI, requires C, 34-7; H, 2-35; 
I, 46-0%), however, indicated that the material was not 
sufficiently pure for its identification to be confirmed. 

Similar results were obtained when attempts were made 
to combine the hydrolysis and demethylation of the corre- 
sponding N-acetylalanine ethyl ester, by heating in N, with 
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Table 1. R, values for iodothyroacetic acids and iodothyronines, obtained by the ascending technique 


The compositions of the solvent systems are given in the text. 


Solvent system 


Butanol-dioxan—ammonia 
isoPentanol-ammonia 


tert.-Pentanol-ammonia 


n-Butanol-acetic acid—water (78:5: 17) 


HI and acetic acid. A brown solid, decomposing at about 
285°, which could not be purified, was obtained. The 
analytical results indicated that iodine had been lost during 
the process. (Found: C, 34-3; H, 3-5; N, 2-5; I, 39-2. 
C,;H,,0;NI, requires C, 33-3; H, 2-4; N, 2-6; I, 47-0%.) 


Chromatographic methods 


Aqueous methanolic solutions containing 0-1—0-25 yg. of 
the three iodinated thyroacetic acids were applied to What- 
man no. | paper, and the chromatograms developed by the 
ascending technique with solvents previously found capable 
of separating triiodothyronine from thyroxine, i.e. the 
upper phases of butanol-dioxan—-2n-NH, soln. (4:1:5) 
(Gross, Leblond, Franklin & Quastel, 1950), tert.-pentanol-— 
2n-NH, soln. (1:1) (Gleason, 1955), and ‘amyl alcohol’ 
(B.D.H. ‘ purified for milk testing’)—6N-NH, soln. (1:1). In 
this laboratory the last-named mixture has proved more 
satisfactory for the separation of the iodothyronines than 
the purified isopentanol-6N-NH, soln. mixture of Roche, 
Deltour, Michel & Velez (1953). 

The iodothyroacetic acids were located on the chromato- 
grams by means of the ceric sulphate—arsenious acid reagent 
of Bowden, Maclagan & Wilkinson (1955). As expected, all 
three substances proved highly sensitive to this reagent, 
the minimum quantities detectable being: diiodo, 0-1 yg.; 
triiodo, 0-025 pg.; tetraiodo, 0-01 pug. 

The R, values obtained are listed im Table 1. It will be 
noticed that in butanol-dioxan-ammonia the thyroacetic 
acids have Ry» values similar to those of the corresponding 
thyronines, but in the other ammoniacal solvents tetraiodo- 
thyroacetic acid is indistinguishable from triiodothyronine. 


SUMMARY 


1. The acetic acid analogues of thyroxine and 
triiodothyronine have been synthesized from p- 
hydroxyphenylacetic acid. 

A synthetic route to 3:5-diiodo-4-(3’:4’-di- 


hydroxyphenoxy)phenyl-L-alanine and its 5’-iodo 
derivative, possible products of the hydrolytic 


R, values 
F 


a 


Thyroacetic 












Substituents acids Thyronines 

3:5:3’:5’-Tetraiodo 0-54 0-59 

3’-Triiodo 0-69 0-70 
3:5-Diiodo 0-7: 0-72 
3:5:3/:5’-Tetraiodo 0-42 0-24 

3’-Triiodo 0-53 0-39 
3:5-Diiodo 0-64 0-50 
3:5:3’:5’-Tetraiodo 0-49 0-34 
3:5:3’-Triiodo 0-71 0-54 
3:5-Diiodo 0-73 0-58 
3:5:3':5’-Tetraiodo 0-94 0-80 
3:5:3’-Triiodo 0-94 0-80 
3:5-Diiodo 0-93 0-76 





deiodination of triiodothyronine and thyroxine 
respectively, has been explored. 

3. The R, values of the iodothyroacetic acids in 
a number of different solvent systems have been 
compared with those of the corresponding iodo- 
thyronines. 

The expenses of this work were defrayed in part by a 
grant from the Governors’ Discretionary Fund of West- 
minster Hospital. 
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7. RELEASE OF BOUND HYDROLASES BY MEANS OF TRITON X-100* 
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(Received 16 January 1956) 


Recent studies have disclosed the probable ex- 
istence of an intermediate class of cytoplasmic 
granules, apparently devoid of mitochondrial or 
microsomal enzymes, but containing several acid 
hydrolases, namely acid phosphatase, ribonuclease, 
deoxyribonuclease, cathepsin and £-glucuronidase 
(Appelmans, Wattiaux & Duve, 1955: Duve et al. 
1955). Tentatively termed ‘lysoscmes’, these 
particles have been shown to behave as essentially 
inert little bags which, when ruptured, release their 
enzyme content in soluble and fully active form. 

As shown in previous work, disruption of the 
particles must precede any measurement of their 
total enzyme content. It can be accomplished by 
a variety of procedures, none of which, however, is 
entirely satisfactory from a practical point of view. 
The present paper describes a new method of 
activation which can be directly combined with the 
enzymic assays. It is based on the action of Triton 
X-100, a non-ionic detergent known to possess 
haemolytic properties (Glassman, 1950) and to 
cause the release of bound £-glucuronidase (Walker 
& Levvy, 1951, 1953; Walker, 1952). 


METHODS 


The mitochondrial fractions were isolated as described by 
Appelmans & Duve (1955). Free and total enzymic activities 
were measured according to Gianetto & Duve (1955) and 
Duve et al. (1955), with some modifications required by the 
presence of Triton X-100, which will be explained in the 
text. Triton X-100 was purchased from the Rohm & Haas 
Co., Philadelphia. 
RESULTS 

The influence of Triton X-100 on bound hydrolases 
was first investigated at a fixed concentration of 
0-1% (v/v), known to be sufficient for the quanti- 
tative release of B-glucuronidase. A washed mito- 
chondrial fraction, containing approximately 90% 
of the enzymes in bound, unreactive form, was used 
as experimental material. The assays were performed 

* Part 6: Gianetto, Wattiaux & 


Duve, Pressman, 


Appelmans (1955). The absolute cytochrome c reductase 
values given in Table 1 of part 6 (Duve et al. 1955) were 
erroneously expressed in ymoles of cytochrome c reduced/ 
min./g. of tissue, i.e. actually in half-units/g., according to 
the definition of units on p. 607. 


in the usual way, with the exception that 0-1% 
(v/v) Triton X-100 was present in the incubation 
mixture. Control experiments showed that the 
detergent was without inhibitory effect on any of 
the enzymes studied, but that it could interfere 
with the analytical procedures used in the nuclease 
and phosphatase assays. Filtrates from the nuclease 
measurements were found to become cloudy when 
diluted with distilled water prior to their spectro- 
photometric examination at 260 my. This cloudi- 
ness was probably due to the precipitation of 
insoluble components which had been solubilized 
by the detergent, and could be prevented by the use 
of 0:01% (v/v) Triton X-100 as diluent. Blank 
values were, however, higher than when the assays 
were carried out without detergent. For example, in 
the experiments of Fig. 1, the mean substrate and 
tissue blank values, expressed as readings at 
260 my., were raised in the presence of 0-1 % (v/v) 
Triton X-100 from 0-165 to 0-197 for ribonuclease, 
and from 0-086 to 0-102 for deoxyribonuclease, the 
difference due to the maximal enzymic activities 
being 0-231 and 0-180 respectively. In the phos- 
phatase assays, the determinations of inorganic 
phosphate were complicated by the appearance of 
a precipitate in the filtrates upon addition of the 
molybdate reagent. However, this happened only 
when fairly large quantities of filtrate were analysed, 
and there was no interference if the concentration of 
Triton X-100 was reduced to less than 0-001 % (v/v) 
in the final mixture. 

By taking these precautions it was possible to 
complete the analyses satisfactorily, but the 
measurements lost somewhat in accuracy, especially 
with preparations of low activity. As shown by the 
results of Table 1, all five enzymes were quanti- 
tatively released in the presence of 0-1% (v/v) 
Triton X-100, and the activities measured by the 
new method compared favourably with those 
obtained after a preliminary treatment of the 
granules by any of the three procedures used in 
earlier investigations to release the bound hydro- 
lases. 

Several attempts were made to study in greater 
detail the influence of Triton X-100 on the liberation 
of lysosomal enzymes. The granules were either 
directly assayed for free activity in the presence of 
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increasing concentrations of Triton X-100, or 
were first suspended in ice-cold 0-25M sucrose con- 
taining the detergent at different concentrations and 
then assays for free activity were made on suitable 
quantities of these suspensions. Since the effect of 
the detergent is irreversible, the determining factor 
in the latter procedure was the concentration of 
Triton X-100 in the original suspensions and not 
that in the more dilute assay mixtures. Free 
activities were measured as before (Gianetto & 
Duve, 1955; Duveetal. 1955), namely by incubating 
for 10 min. at 37° and pH 5 in the presence of the 
required substrates and of 0-25m sucrose. The 
volumes were, however, varied according to the 
quantity of granules added, which itself depended on 
the expected activity, the aim being to keep the ratio 
of granules to detergent constant in each set of five 
assays performed at a given concentration of Triton 
X-100. This was done because preliminary results 
indicated that the activation was a function of this 
ratio as well as of the concentration in detergent. 
Despite these precautions, it was not possible to 
attain a satisfactory degree of accuracy in the 
activity measurements, which were limited by the 
combined restrictions imposed by the assay condi- 
tions and by the presence of Triton X-100. As 
shown before, these conditions must be strictly 
adhered to in order to prevent breakage of the 
granules during the assay, but are far from con- 
ducive to optimum accuracy, especially since the 
measured activities are usually low and the blanks 
relatively high. In addition, the release of the 
bound hydrolases under the influence of the 
detergent proved a delicate phenomenon in itself, 
occurring in an almost all-or-none fashion as soon as 
the detergent concentration exceeded a certain 
level. The latter was about 0-035 % (v/v) for a con- 
centration in granules corresponding to approxi- 
mately 0-1 g. of original liver/ml., but varied some- 
what from one preparation to the other, making it 
very difficult to obtain detailed activation curves. 
The results of two such experiments are repre- 
It is clear, in spite of 


sented graphically in Fig. 1. 
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Table 1. Comparison of different activating procedures 
Enzymic activities of a washed mitochondrial fraction pretreated as described. 
Units/g. of original tissue* 

, nM 

vo, Acid Ribo- Deoxyribo- B-Glucu- 

Activating procedure phosphatase nuclease nuclease Cathepsin ronidaset 
Waring Blendor (3 min.) 5°75 1-33 0-86 1-61 0-40 
Freezing and thawing (12 times) 5-36 1-42 0-86 1-59 0-41 
3 hr. at pH_ 5 and 37° 5-34 0-95 0-76 1-60 0-42 
Exposure to Triton X-100 (0-1%)t 5-75 1-60 0-81 1-61 0-42 


For definition of units, see Duve et al. (1955). 
Uncorrected for inhibition by sucrose (approximately 28%). 
Added together with the substrate at the beginning of assay. 


8 


8 
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Percentage of maximal activity 
s 





QO 001 002 003 004 005 006 007 008 009 
Triton X-100 (%, v/v) 


Fig. 1. Activation by Triton X-100. Expt. 1 (open points): 
all incubated mixtures contained the required substrate 
and buffer, 0-25 sucrose, Triton X-100 at the concentra- 
tion indicated, and an amount of large granules corre- 
sponding to 0-1 g. of original liver/ml. The total volume 
was varied according to the predicted activity of the 
enzymes. The tests were run in 10 min. at 37°. Expt. 2 
(filled-in points): free activity assays were performed in 
the usual manner on appropriate quantities of mito- 
chondrial suspensions containing the equivalent of 
0-15 g. of original liver/ml. and Triton X-100 at the con- 
centration indicated. Acid phosphatase: + (Expt. 1), 
x (Expt. 2); ribonuclease: A, A; deoxyribonuclease: 
V> W; cathepsin: 0, m; B-glucuronidase: O, @. In both 
experiments, acid phosphatase and ribonuclease were 
measured simultaneously as described by Duve ef al. 
(1955). All results are expressed in percentage of the 
activities measured in the presence of 0-15% (v/v) 
Triton X-100. 


the considerable scattering of the experimental 
points, that the activation of all five hydrolases 
occurs roughly in the same range of detergent con- 
centration. Some fairly large differences are notice- 
able in the narrow critical region, but these were 
not reproducible in other experiments. 


608 
DISCUSSION 


Compared with the procedures used previously to 
release bound hydrolases, the method described in 
this paper offers considerable advantages, in that it 
can be used with minimal quantities of material, 
requires no preliminary treatment of the granules 
and ensures complete activation withput denatura- 
tion or inhibition of the enzymes. These advantages 
more than make up for the loss in accuracy which 
may affect some of the measurements, and justify 
the use of the method for routine determinations of 
total activity. 

The results obtained on the graded release of the 
hydrolases may be added to the previous data, 
which indicated a parallel liberation of the five 
enzymes under the influence of a variety of agents 
(Gianetto & Duve, 1955; Duve et al. 1955). Such 
data form the main basis of the hypothesis that the 
enzymes may all belong to a single homogeneous 
population of granules. Since, however, the papers 
just mentioned contain evidence conflicting with 
this hypothesis, additional information would have 
been particularly welcome. It is unfortunate, there- 
fore, that the conditions of the experiments did not 
allow a sufficient degree of accuracy to verify the 
significance of the finer differences which were 
occasionally observed. As mentioned in the Results 
section, these differences were not reproducible, 
and the fact that they occurred in the critical range 
of detergent concentration renders their significance 
doubtful. It must indeed be remembered that the 
granules were not in exactly the same environment 
during the assays, which, of necessity, had to be 
performed with different substrates. It is quite 
possible that these differences were sufficient to 
modify the degree of activation of such delicately 
balanced systems as must obtain in the neighbour- 
hood of the critical detergent concentration. It may 
be significant in this respect that the two enzymes 
which were actually assayed together in the same 
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mixture, namely acid phosphatase and ribonuclease, 
did show closely similar activities at all concentra- 
tions of detergent. 


SUMMARY 


1. The bound forms of acid phosphatase, ribo- 
nuclease, deoxyribonuclease, cathepsin and _ - 
glucuronidase were released quantitatively in 
preparations from rat liver exposed to 0-1% (v/v) 
Triton X-100. This detergent had no inhibitory 
effect on the enzymes. 

2. The above findings form the basis of a method 
whereby total activities of lysosomal enzymes can 
be assayed directly, without preliminary treatment 
of the liver preparations, simply by running the 
assays in the presence of 0-1 % (v/v) Triton X-100. 

3. In mitochondrial preparations exposed to 
increasing concentrations of Triton X-100, the 
enzymes were released in a fairly abrupt fashion 
when the detergent concentration exceeded a 
certain critical level, which was about 0-035 % (v/v) 
for an amount of granules corresponding to 0-1 g. of 
original tissue/ml. All five enzymes were liberated 
in a roughly parallel manner, but the scattering of 
the results was such that finer differences could not 
be excluded. 

This work was supported by grants from the Centre 
National de Recherches sur la Croissance normale et 
pathologique, the Rockefeller Foundation and the Lilly 
Research Laboratories. 
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One of the difficulties in interpreting the results of 
tissue-fractionation experiments arises from the 
cellular heterogeneity of the starting material. In 
liver, accessory cell types represent only a small 
proportion of the total mass of the organ, but they 
could nevertheless be a source of complication if 


they should contain some specific systems. The 
recent identification of a special group of cyto- 
plasmic granules (lysosomes), showing atypical 
distribution patterns and associated with only a 
small fraction of the total nitrogen (Duve, Pressman, 
Gianetto, Wattiaux & Appelmans, 1955), has made 
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Microscopic appearance of isolated cells. Fresh unstained suspensions photographed in ordinary light ( x 400). 
1, Reticulo-endothelial cell fraction; 2, parenchymatous cell fraction. 
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it particularly desirable to obtain some information 
concerning the cellular location of bound enzymes 
and of their particulate support. 

This problem has recently become accessible to 
experimental investigation, thanks to the work of 
St George, Friedman & Byers (1954), who have 
succeeded in separating reticulo-endothelial from 
parenchymatous cells, by combining the procedure 
described by Anderson (1953) for the preparation of 
whole-cell suspensions with the magnetic method 
originally used by Rous & Beard (1934) to isolate 
reticulo-endothelial cells loaded with iron from liver 
perfusates. Their method has been applied in the 
present work to ascertain the cellular origin of the 
hydrolytic enzymes belonging to the lysosome 
group, .and of uricase, as well as of cytochrome 
oxidase and glucose 6-phosphatase, the repre- 
sentative enzymes for mitochondria and micro- 


somes. 


METHODS 


The technique used for separating the cells consisted 
essentially of an adaptation of the procedure of St George 
et al. (1954). Rats were injected intravenously for 3 days 
consecutively with 1 ml. of a 15% (w/v) suspension of car- 
bony] iron (grade F, average diameter 3 .) in isotonic saline 
containing 5% (w/v) starch. The carbonyl iron was a gift 
from the Mond Nickel Co., London. The animals were 
killed 1 or more days after the last injection and the liver was 
perfused, first through the dorsal aorta and then backward 
through the hepatic vein, with an ice-cold solution of 0-25M 
sucrose containing 0-01m ethylenediaminetetraacetic acid 
neutralized to pH 7-4. As shown by Anderson (1953), the 
presence of a fairly concentrated calcium-binding agent in 
the perfusion fluid causes a softening of the intercellular 
cement and is essential for the isolation of intact cells. 
The subsequent fractionation was performed in 0-25M 
sucrose containing 0-001mM ethylenediaminetetraacetic 
acid. 

Tissue freed from blood, and greyish-black in colour, was 
forced through 0-7 mm. holes by means of a small hand-press 
(garlic press), and the resulting coarse brei was further 
dispersed by gentle stirring with two or three volumes of 
fluid. In two experiments the preparation was ground 
manually in a loose glass homogenizer, as recommended by 
Anderson (1953), but excessive cell breakage was observed 
and this procedure was abandoned. The suspension was then 
filtered under gentle pressure through silk cloth to remove 
undispersed tissue fragments, poured into a beaker and held 
above a powerful electromagnet placed vertically. The field 
developed by the magnet was regulated by means of a 
rheostat to be just sufficient to cause the cells containing 
iron to sediment. The supernatant was sucked off while the 
magnetic field was held on. The cells were resuspended and 
washed twice by means of the same separation method. The 
supernatants were combined, subjected to the maximal 
field developed by the magnet to remove traces of iron, 
and centrifuged at 700g-min. The sediment of paren- 
chymatous cells was washed twice under the same condi- 
tions. After microscopical examination, the cell suspensions 
were further ground and eventually fractionated in the 
manner described previously for whole liver (Duve ef al. 
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1955). Iron was removed from the disrupted cell fractions by 
means of the magnet. 

The microscopic appearance of the two cell fractions is 
shown in Plate 1. The reticulo-endothelial cells appeared as 
small bodies, filled with iron granules which obscured all 
details of internal structure. Some showed evidence of 
damage and could be seen shedding their iron content. The 
proportion of injured cells and of isolated iron granules 
appeared to depend on the size of the magnetic field used for 
the separation. The cells showed a great tendency to cluster 
together, and extensive agglutination occurred in the pre- 
paration as soon as washing was completed. The paren- 
chymatous fraction formed a creamy suspension, consisting 
mostly of fairly well-preserved whole cells together with 
some nuclei and cell debris. 

The methods used for the enzyme assays were essentially 
those of Duve et al. (1955), except that total activities of 
lysosomal enzymes were determined in the presence of 
0-1% (v/v) Triton X-100, as described by Wattiaux & Duve 
(1956). This detergent was purchased from the Rohm and 
Haas Co., Philadelphia. 


RESULTS 


In Table 1 are summarized the main biochemical 
properties of the whole-cell suspensions before their 
fractionation by the magnetic method. The data 
obtained by Duve et al. (1955) on dispersions of 
unperfused whole liver are given for comparison. 

About one-third of the total nitrogen was lost as 
the result of the removal of blood, connective 
tissue and unbroken liver fragments retained on the 
press and on the filtering cloth. The specific enzymic 
activities were usually somewhat higher in the cell 
suspensions than in the whole-liver dispersions, 
with the exception of deoxyribonuclease and B- 
glucuronidase. These were less abundant in the cell 
suspensions, though not significantly so. 

The values observed for the distribution of 
nitrogen between the two cell fractions are shown in 
Table 2. Except in Expt. 3, where a distinct con- 
tamination by parenchymatous cells was observed 
microscopically, the isolated reticulo-endothelial 
cells accounted for 1-8—2-0 % of the nitrogen present 
in the original suspension, irrespective of the method 
used for dispersing the tissue. In contrast, the 
recovery of parenchymatous cells was very low in 
the two cases when a loose glass homogenizer was 
used, and amounted to about 20% in the others. 

In Table 3 are shown the detailed results of 

ixpt. 5, which was the most reliable on every 
count. The distribution of all investigated 
enzymes paralleled roughly that of nitrogen, with 
the difference that the specific activities were 
decreased in the final supernatant and correspond- 
ingly increased in at least one of the cell fractions. 
The highest specific activity was found in the 
reticulo-endothelial cells for ribonuclease, deoxy- 
ribonuclease and cathepsin, in the parenchymatous 
cells for the other enzymes. 
Bioch. 1956, 6% 
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Table 1. Biochemical properties of unfractionated cell suspensions 


Results refer to the properties of the filtered whole-cell suspensions obtained from the perfused livers of animals treated 
with iron, as analysed prior to their fractionation by the magnetic method. 


Enzymic activities, units*/g. of N (--S.£.M.) 
—_ 





K 
Cell suspensions Dispersions of 
Enzyme (means of 5 experiments) unperfused whole liver 
Cytochrome oxidase 1210+78 948 +74 (17) 
Acid phosphatase 195+21 187+ 13 (19) 
Ribonuclease 129+35 83-6 -+5-6 (8) 
Deoxyribonuclease 36-8463 40-5+4-6 (6) 
Cathepsin 60-3 +5-4 45-2+4-1 (9) 
B-Glucuronidaset 17-4+3-7 24-2+1-7 (4) 
Uricase 12-5+2-2 9-0-+0-83 (5) 
Glucose 6-phosphatase 591+98 565+ 38 (9) 
mg. of N/g. of liver 21-2+0-7 32-3+0-25 (19) 


* For definition of units, see Duve et al. (1955). 
+ Data from Duve e¢ al. (1955); figures in parentheses refer to number of experiments. 


t Uncorrected for inhibition by sucrose (approximately 28%). e 


Table 2. Nitrogen content of isolated cell fractions 


Figures give the proportion of nitrogen of the original cell suspensions which was recovered in the two cell fractions. 
RE, Reticulo-endothelial cells; PA, parenchymatous cells. 
Percentage of N 
of original cell suspension 
ixpt. , 


i ae 
no. RE PA Remarks 
1 1:8 18-7 — 
2 2-0 5-5 ixcessive cell breakage owing to use of glass homogenizer 
3 4-8 6-8 Excessive cell breakage owing to use of glass homogenizer. 
RE cells contaminated by some PA cells 
4 1-9 21-6 --- 
5 1-8 23-2 --- 


Table 5. Distribution of enzymes amongst isolated cell fractions 


Results of Expt. 5. The starting material was a filtered cell suspension prepared from the perfused liver of a rat treated 
with iron. Reticulo-endothelial cells (RE) were separated and washed by means of the magnetic method. Parenchy- 
matous celis (PA) were isolated from the residue by low-speed centrifuging; this left a supernatant containing broken cells. 
The three fractions and the original suspension were analysed for nitrogen and enzymic activities. 


Percentage of activity of 








original cell suspension Relative specific activity* 
= hin Ae noi A ~ a A —s 
Super- Super- 
Enzyme RE PA natant Recovery RE PA natant Recovery 
Nitrogen content 1-8 23-2 73-0 98-0 1-00 1-00 1-00 1-00 
Cytochrome oxidase 1-2 32-6 56-0 89-8 0-67 1-41 0-77 0-92 
Acid phosphatase 1:8 37°8 61-5 101-1 1-00 1-63 0-84 1-03 
Ribonuclease 4-4 23°5 65-5 93-4 2-44 1-01 0-90 0-95 
Deoxyribonuclease 3-6 23-5 70-5 97-6 2-00 1-01 0-97 1-00 
Cathepsin 2-9 26-1 59-0 88-0 1-61 1-13 0-81 0-90 
B-Glucuronidase 2: 39-2 56-0 97-3 1-17 1-69 0-77 0-99 
Uricase 1-8 45-5 47-3 94-6 1-00 1-96 0-65 0-97 
Glucose 6-phosphatase 1-0 38-6 65-4 105-0 0-56 1-66 0-90 1-07 


. Percentage of activity 
* Ratio: : 


* Percentage of nitrogen * 





oe 








ted 


ed 
iy 
Is. | 


) 





Vol. 63 


CELLULAR LOCALIZATION OF BOUND ENZYMES 


611 


Table 4. Relative enzymic activities of isolated cell fractions 


Mean results of Expts. 1-5. For experimental details and meaning of symbols, see Tables 2 and 3. The supernatant 
containing cell debris was analysed only in the last three experiments. All results are expressed in terms of the values 
obtained on the original unfractionated cell suspensions; n refers to the number of experiments. 


Relative specific activity* (-+s.£.M.) 





c i. eer 
RE PA Supernatant Recovery RE/PA 
Enzyme n=5 n=5 n=3 n=3 n=5 

Cytochrome oxidase 0-82+0-09 1-25+0-15 0-86+0-15 0-89 +0-03 0-68 + 0-09 
Acid phosphatase 0-96 +0-16 1-48+0-11 0-90 +0-05 0-97 +0-07 0-64 | 0-07 
Ribonuclease 2-50 +0-64 0-96 40°13 0-98 + 0-04 0-97 + 0-06 2-62 +0-60 
Deoxyribonucleaset 1-74+0-25 0-79 0-08 0-93 + 0-04 0-94+0-09 2-19+0-33 
Cathepsin 1-95+0-18 0-93 40-07 0-84+0-08 0-85 +0-04 2-21+0-25 
B-Glucuronidase 1:16+40-11 1-51+0-16 0-77+0-12 0-87 -+0-08 0-80 +0-12 
Uricase 0-95 + 0-23 1-47+0-26 0-73 40-15 0-93 40-09 0-63 40-10 


Glucose 6-phosphataset 0-63 + 0-05 


_ Percentage of activity 


* Ratio: ———_->__ ; 
vr Percentage of nitrogen 


1-58 +0-39 


0-96 + 0-05 0-89 +0-10 0-49 +0-18 


+ Expt. 3 omitted, owing to very low recovery. 
{ Expt. 2 and 4 omitted, owing to excessive recoveries; see text. 


Table 5. Fractionation of purified parenchymatous cells 


Means of two experiments. Parenchymatous cells were isolated as described under Methods and further fractionated 
according to Duve et al. (1955). N, nuclear fraction; M, Heavy mitochondrial fraction; L, light mitochondrial fraction; 


P, microsomal fraction; §, final supernatant. 


Percentage of cytoplasmic extract + nuclear fraction 





C eS 

N M L P 8 Recovery 
Nitrogen 6-9 30-5 11-8 30-3 26-3 105-8 
Cytochrome oxidase 0-6 55-5 14-8 2-1 0-3 73°3 
Acid phosphatase 2-4 25-1 48-5 20-3 7-2 103-5 
Ribonuclease 4-6 20-3 28-7 18-8 15-2 87-6 
Deoxyribonuclease 4-8 26-1 40-7 9-2 9-2 90-0 
Cathepsin 4-8 18-1 41-4 9-8 9-8 83-9 
B-Glucuronidase 2-8 13-6 27-5 42-0 7-2 93-1 
Uricase 2-7 26-9 48-0 11-7 a7 95-0 
Glucose 6-phosphatase 3-2 6-2 14-9 76-3 1-5 102-1 


The other experiments, including those in which 
the yield of parenchymatous cells was low, furnished 
essentially comparable results, as is shown by the 
summarized data in Table 4. In two of them, 
however, the parenchymatous cells had abnormally 
high glucose 6-phosphatase activities, resulting in 
relative specific activities of 7-2 (Expt. 2) and 4:5 
(Expt. 4), and associated with excessive overall 
recoveries. This phenomenon could be due to the 
removal of an endogenous inhibitor (Beaufay, Hers, 
Berthet & Duve, 1954), but it is puzzling that it did 
not occur systematically. The glucose 6-phos- 
phatase values obtained in these two experiments 
were excluded from the statistical evaluations in 
Table 4, as were those recorded in Expt. 3 for 
deoxyribonuclease, which showed a very deficient 
recovery (55%). 

In two other experiments, purified parenchy- 
matous cells were isolated and further fractionated 
according to the procedure of Duve et al. (1955). The 
observed distributions, which are given in Table 5, 
were comparable with those established previously 
whole Recoveries were 


on unperfused liver. 


deficient in some cases, especially for cytochrome 
oxidase, presumably as a result of the additional 
time and manipulations required. 


DISCUSSION 


As shown by the results of Table 1, neither the 
preliminary treatment of the animals with iron nor 
the removal of blood and connective tissue had any 
marked effect on the enzymic activities of the liver 
suspensions; nor had the further elimination of 
reticulo-endothelial cells, which obviously cannot 
have been the exclusive source of any of the investi- 
gated enzymes, for one would then have to assume 
that their recovery never exceeded 5% and that 
they were contaminated by many times their 
weight of parenchymatous material (to account for 
their low specific activities). The microscopical! 
examinations render these possibilities extremely 
unlikely. Since, in addition, the isolated parenchy- 
matous cells retained considerable amounts of 
every measured enzyme and furnished typical 
distribution patterns upon further fractionation, it 


39-2 





612 


appears safe to conclude that all eight enzymes, 
and consequently also the lysosomes, are true 
components of the parenchymatous cells of the 
liver. 

The observed results do, however, bring to light 
a systematic difference between cytochrome oxidase, 
acid B-glucuronidase, uricase and 
glucose 6-phosphatase on one hand, and the two 


phosphatase, 


nucleases and cathepsin on the other. The former 
enzymes are regularly more concentrated in the 
parenchymatous cells than in the original sus- 
pension, probably owing to contamination by 
granules and soluble enzymes originating from 
damaged cells, possibly also as the result of leakage 
of inactive (soluble?) material from the parenchy- 
matous cells. In contrast, there is, if anything, a 
decrease in the relative specific activity of the 
nucleases and cathepsin in the parenchymatous 
cells, and the probabilities are, in view of the 
observations made on the other enzymes, that this 
decrease would be marked if there 
had no complicating artifact. These 
sults suggest that parenchymatous cells are not 
the exclusive source of the hepatic nucleases and 


even more 


been re- 


cathepsin, a conclusion which is further supported 
by the fact that these three enzymes are the only 
ones to be significantly concentrated in the reticulo- 
endothelial cells. Whether any of the other enzymes 
are actually present in these cells cannot be decided 
with certainty, for even a relatively small degree of 
contamination by parenchymatous elements could 
account for their observed activities. 

In an earlier paper, attention has been called to 
the fact that the five lysosomal enzymes do not 
show identical distribution patterns (Duve et al. 
1955). As pointed out in that paper, the observed 
discrepancies may be due to a variety of causes and 
do not necessarily indicate that lysosomes are 
enzymically heterogeneous or consist of several 
species. The present findings bring to light an 
additional complication, showing that the nucleases 
and cathepsin may have a dual cellular origin. The 
distribution patterns of these enzymes appear to 
follow that of acid phosphatase somewhat more 
closely in purified parenchymatous cells than in 
whole liver (Table 5). However, the final re- 
coveries are not good enough to warrant a definite 
conclusion. 


R. WATTIAUX 


AND OTHERS 1956 


SUMMARY 


1. Whole-cell suspensions were prepared from 
the perfused livers of rats injected with iron 
particles, and further fractionated into reticulo- 
endothelial containing 
separated by means of a magnet, and parenchy- 
matous cells, which were isolated by centrifuging. 
In two experiments, purified parenchymatous cells 
were further fractionated into one nuclear and four 
cytoplasmic fractions, according to the scheme of 
Duve et al. (1955). All fractions were analysed for 
nitrogen, cytochrome oxidase, acid phosphatase, 
ribonuclease, cathepsin, - 
glucuronidase, uricase and glucose 6-phosphatase. 

2. All investigated enzymes were present in 
significant amounts in the parenchymatous cells 
and showed the same distribution amongst the 


cells iron, which were 


deoxyribonuclease, 


fractions isolated from these cells as was observed 
previously on unperfused whole liver. 

3. The reticulo-endothelial cell fraction also 
contained all the activities, but in this the possi- 
bility that some of the enzymes were derived from 
contaminating components of parenchymatous 
origin could not be ruled out with certainty. Least 
open to this objection were the results obtained on 
ribonuclease, deoxyribonuclease and cathepsin, the 
specific activity of which was increased in the 
reticulo-endothelial cell fraction. 

4. Applying these results to the problem of the 
cellular origin of lysosomes, it was concluded that 
these particles belong essentially to the parenchy- 
matous cells, but that some of their characteristic 
enzymes may in the reticulo- 
endothelial cells, a possibility which could account, 
at least partly, for the apparent heterogeneity of 
lysosomes commented upon in an earlier paper. 


also be present 
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The Effect of Fluoropyruvate on the Respiration 
of Animal-tissue Preparations 


By Y. AVI-DOR anp J. MAGER* 
Israeli Institute for Biological Research, Ness Ziona, Israel 


(Received 5 December 1955) 


The study of fluoropyruvic acid was prompted by 
the expectation that this substance would have 
potent antimetabolic properties. In particular, it 
was expected that this fluoroanalogue of pyruvic 
acid would be able to interfere with some steps of the 
tricarboxylic acid cycle or with other essential 
metabolic mechanisms in which pyruvate occupies 
a key position. This anticipation has been refuted by 
the outcome of the pharmacological trials, which 
revealed low toxicity of fluoropyruvate for animals 
and showed that this compound is not metabolized 
in vivo via fluoroacetic acid (Mager & Blank, 1954; 
Gal, Peters & Wakelin, 1954). On the other hand, 
fluoropyruvate proved to be much more effective 
than fluoroacetate in inhibiting bacterial growth 
(Mager, Goldblum-Sinai & Blank, 1955). In addition, 
fluoropyruvate was found to inhibit the oxidation 
of various substrates by bacterial suspensions 
(Mager, in preparation). A similar inhibition of 
respiratory activity was observed also in tissue 
preparations. The present paper deals with some 
aspects of the mechanism underlying this inhibition. 


MATERIALS AND METHODS 


Fluoropyruvic acid was synthesized as described by Mager 
& Blank (1954). Sodium fluoroacetate was prepared 
according to the method described by Bergmann & Blank 
(1953). Oxaloacetic acid was prepared by the method 
of Heidelberger & Hurlbert (1950). Diphosphopyridine 
nucleotide (DPN) of 95% purity and triphosphopyridine 
nucleotide (TPN) of about 40% purity were products of the 
Sigma Chemical Co. Reduced DPN (DPNH) was obtained 
by reduction of DPN with crystalline yeast aleohol dehydro- 
genase as described by Pullman, Colowick & Kaplan (1950). 
All other chemicals were pure or A.R. products. 

Crystalline yeast alcohol dehydrogenase was prepared 
according to Racker (1950), and purified liver alcohol 
dehydrogenase was obtained by the method of Bonnichsen 
& Wassén (1948). In the preparation of pig-heart lactic 
dehydrogenase, the procedure of Straub (1939) was followed. 
Malic dehydrogenase and isocitric dehydrogenase were crude 
preparations, obtained by extraction of ox-heart acetone- 
dried powder as described by Ochoa (1952). 

The preparation of the guinea-pig-kidney mitochondria 
has already been described in detail (Mager & Avi-Dor, 


* Present address: Department of Biochemistry, The 
Hebrew University Hadassah Medical School, Jerusalem. 


1956), and here only a brief outline of the method is given. 
The excised kidneys were homogenized with a solution of 
0-15 M-KCi-0-05 phosphate, pH 7-4, in a Potter-Elvehjem 
tissue grinder. The homogenate was centrifuged at 1500 rev./ 
min. for 10 min., and the sediment containing nuclei and 
cell debris was discarded. The supernatant was then spun at 
12 000 rev./min. for 15 min. in a refrigerated ‘ International’ 
centrifuge. The sediment was resuspended in the KCl- 
phosphate solution and again centrifuged at 12 000 rev./ 
min. for 15 min. The final sediment was taken up in the KCl- 
phosphate solution and added to the reaction mixture in the 
amounts indicated in the legends. 

Manometric experiments were carried out by the con- 
ventional Warburg technique. Spectrophotometric ex- 
aminations were performed in the Beckman model DU 
spectrophotometer, with silica cells of 1 em. light path. In 
experiments with neotetrazolium as final electron acceptor, 
the amount of mitochondria was one-third of that normally 
employed in the manometric experiments. The amount of 
formazan formed was estimated visually in arbitrary units. 

The DPN content of the mitochondrial preparation was 
estimated by the procedure of Holzer, Goldschmidt, 
Lamprecht & Helmreich (1954), alcohol dehydrogenase 
being used for the reduction of the extracted DPN. 

Urease activity was determined by measuring CO, output 
in the Warburg apparatus, with 50 wmoles of urea, 300 ug. 
of crystalline urease and 1 ml. of m acetate buffer, pH 4-9; 
total vol., 3-0 ml. 

For quantitative estimation of SH groups, the method 
of Grunert & Phillips (1951) was adopted. Fluorine was 
determined by the method of Eger & Yarden (1954). 

Citric acid was estimated by the method of Natelson, 
Pincus & Lugovoy (1948). 


RESULTS 


Inhibition of the oxidation of pyridine 
nucleotide-linked substrates 


r 


As may be seen from Table 1, fluoropyruvate 
(0-33 pmole/ml.) produced a strong inhibition of 
oxygen uptake by guinea-pig-kidney mitochondria 
with various Krebs-cycle intermediates, except 
succinate. 

The inhibitory effect on the respiration usually 
attained its maximum without any appreciable 
time lag. This was in contrast to the course of 
inhibition observed with fluoroacetate, which even 
at much higher concentration (8—10 »moles/ml.) did 
not affect the rate of mitochondrial respiration 
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during a 60—90 min. observation period. Accumula- 
tion of citrate, a characteristic feature of fluoro- 
acetate poisoning (Liébecq & Peters, 1949), did not 
occur in the case of fluoropyruvate inhibition. These 
results provide further evidence in favour of the 
conclusion that fluoropyruvate itself acts, and is not 
converted into fluoroacetate (cf. Mager & Blank, 
1954). 

Since all the oxidative systems which have been 
found susceptible to the action of fluoropyruvate are 
known to be linked to pyridine nucleotide co- 
enzymes, it appeared likely that fluoropyruvate 
might interfere with the catalytic function of these 
coenzymes. This assumption was supported by the 
finding that the inhibition pattern remained un- 
altered when oxygen was replaced by a suitable dye 
(methylene blue, 1 pmole/ml.; 2:6-dichlorophenol- 


Table 1. Effect of fluoropyruvate on the oxidation of 
different substrates by guinea-pig-kidney mitochondria 


Each flask contained 0-5 ml. of suspension of the kidney 
particles (15-20mg. dry wt.), 50yumoles of phosphate 
(pH 7-4), 6umoles of ATP, 6umoles of MgCl,, 50 umoles 
{or 100 zmoles of racemates) of the different substrates (as 
sodium salts). DPNH was generated in situ by adding to 
the above reaction mixture the following system: 0-33 p- 
mole of DPN, 0-1 ml. of 95% ethanol, 0-3 ml. of yeast 
aleohol dehydrogenase (approx. 200000 units), and 
90 zmoles of semicarbazide. Total vol., 3 ml. Centre well 
contained 0-2 ml. of 20% KOH. Incubation at 37°. Gas 
phase: air. Equilibration time: 10 min. (The mitochondrial 
suspension was added last to the chilled flasks.) Readings 
were taken at 5-10 min. intervals for 90 min. 

Fluoro- 
pyruvate 
(umoles) 
Succinate 0-0 


O, uptake Inhibition 
(umoles/hr.) %) 
21-6 — 
21:8 
21-2 
20-8 
23-0 
0-9 


Substrate 


pL-Malate 


Fumarate 


Citrate 


DL-isoCitrate 


L-Glutamate 


DPNH 


Y. AVI-DOR AND J. MAGER 


1956 


indophenol, 1 »mole/ml. ; or neotetrazolium chloride 
20 »g./ml.) as an electron acceptor, thus replacing 
the cytochrome system. 


Effect of dehydrogenases 


Soluble dehydrogenases were incubated with 
fluoropyruvate for 15-20 min. at 37°, and their 
activities compared afterwards with controls by 
following the rate of reduction of DPN (yeast and 
liver aleohol dehydrogenase, malic dehydrogenase), 
or TPN (isocitric dehydrogenase). Alternatively, 
the rate of oxidation of the reduced pyridine nucleo- 
tide was measured in the presence of a suitable 
substrate. No significant inhibition was observed 
with either of these systems. Similarly, no inter- 
ference by fluoropyruvate was noted when mito- 
chondrial malic dehydrogenase was assayed by 
determining the rate of DPNH oxidation in the 
presence of oxaloacetate in the following system: 
0-3umole of DPNH, 50yumoles of phosphate 
(pH 7-4), mitochondria (1-2mg. dry wt.) and 
10 zmoles of oxaloacetate added last at the start 
of the spectrophotometric measurements. At the 
low mitochondrial concentration used in this assay 
the DPNH oxidase activity was negligible and did 
not interfere with the dehydrogenase determination. 

While testing lactic dehydrogenase under similar 
conditions, it was observed that fluoropyruvate 
underwent rapid reduction by this enzyme. This 
was demonstrated by determining both the oxida- 
tion of DPNH and the concomitant disappearance 
of the carbonyl group, as estimated by the Friede- 
mann & Haugen (1943) test for «-keto acids. The 
product of this reduction (presumably fluorolactic 
acid) did not inhibit mitochondrial respiration. 


Effect on the mitochondrial DPN H-oxidase system 


The effect of fluoropyruvate on mitochondrial 
DPNH oxidase was studied both manometrically 
and spectrophotometrically. In the manometric 
experiments, where DPNH was generated by an 
ethanol-aleohol dehydrogenase system, fluoro- 
pyruvate produced a strong inhibition of oxygen 
uptake (see Table 1). The degree of this inhibition 
was considerably diminished by ethylenediamine- 
tetraacetic acid (EDTA), which, according to 
Slater & Cleland (1952), increases the stability of 
heart-muscle sarcosomes. The protective effect of 
this agent was especially marked if it was included 
in the suspending medium (KCl-phosphate solu- 
tion) used for the preparation of the kidney particles 
(see Methods). Addition of nicotinamide to the 
EDTA-treated particles caused a further decrease 
in the extent of fluoropyruvate inhibition (Fig. 1). 

When, however, the effect of fluoropyruvate on 
the DPNH oxidase was tested by following the rate 
of decrease of extinction of the added DPNH, at 
340 mp. (with 0-33 mole of DPNH, 0-5 ml. of 
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0-1m phosphate buffer, pH 7-4, water to 3-0 ml.) no 
inhibition could be demonstrated. 

Under the conditions of the manometric experi- 
ments, part of the DPNH added was found to be in 
the oxidized state (cf. Lehninger, 1951), and this 
part would be liable to destruction by the DPN- 
splitting enzyme (DPNase) present in the mito- 
chondrial preparation. On the other hand, the 
DPNH used in the spectrophotometric tests is not 
susceptible to DPNase action (McIlwain & Rod- 
night, 1949). The discrepancy between the results 


8 


Fs 


O, uptake (jl.) 
8s 8 8 


8 


10 20 30 40 50 60 70 


Time (min.) 


Fig. 1. Influence of ethylenediaminetetraacetic acid and 
nicotinamide on the fluoropyruvate-induced inhibition of 
DPNH oxidation in guinea-pig-kidney mitochondria. The 
system for generation of DPNH and the conditions of the 
experiment are described in Table 1. Open symbols: 
controls without fluoropyruvate; filled symbols: 3-75 p- 
moles of fluoropyruvate/2 ml. of reaction mixture. 
O or @, mitochondria (22 mg. dry wt./3 ml.) prepared by 
standard procedure; (] or gm, mitochondria (20 mg. dry 
wt./3 ml.) prepared with ethylenediaminetetraacetic acid 
(5 x 10-*m); A or A, mitochondria (20 mg. dry wt./3 ml.) 
prepared with ethylenediaminetetraacetic acid (5 x 10-4m) 
and 30pmoles of nicotinamide included in the reaction 
mixture. 
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obtained by the two methods, as well as the pro- 
tective effect of nicotinamide, a potent inhibitor of 
DPNase (Mann & Quastel, 1941), suggested there- 
fore that fluoropyruvate might act by enhancing the 
destruction of the intramitochondrial DPN, as was 
previously found in the case of chloretone inhibition 
(Mager & Avi-Dor, 1956). In fact, repeated deter- 
minations showed that a brief exposure (10—15 min. 
at 37°) of the mitochondrial preparation to fluoro- 
pyruvate under the usual test conditions resulted 
in a substantial lowering of its DPN content. Thus 
in one experiment the value decreased from 0-68 to 
0-10 pmole of DPN/g. dry wt. 


Effect on the DPNH-oxidase system of a 
non-mitochondrial heart-muscle preparation 


In order to obtain further information on the 
mode of action of fluoropyruvate on the DPNH- 
oxidase system, its effect on a particulate DPNH 
oxidase, prepared from pig heart muscle according 
to Edelhoch, Hayaishi & Teply (1952), was studied. 

This preparation oxidizes DPNH and succinate 
rapidly, but shows no activity towards other tri- 
carboxylic acid cycle intermediaries. The DPNH 
oxidase of the heart-muscle preparation was found 
to be strongly depressed by fluoropyruvate, whereas 
the oxidation of succinate was not significantly 
impaired (Table 2). The degree of inhibition of the 
DPNH oxidase decreased with rising amounts of the 
heart-muscle preparation used (Table 3). 

When methylene blue was used as hydrogen 
acceptor, the inhibitory effect of fluoropyruvate on 
the heart-muscle preparation, contrary to the 
findings with mitochondrial preparations, was 
completely abolished (Table 2). It appears therefore 
that fluoropyruvate inhibits the DPN—cytochrome ¢ 
reductase activity but does not affect the diaphorase 
function of the DPNH-oxidase system. 

The DPNase activity of the heart-muscle pre- 
paration was much weaker than that of the guinea- 
pig mitochondria, and, under the conditions of the 


Table 2. Effect of fluoropyruvate on the DPNH oxidase and succinoxidase activity 
of pig heart-muscle preparation 


Each flask contained 0-2 ml. of the heart-muscle preparation (4 mg. dry wt.) and 0-8 ml. of 0-5m phosphate buffer, 
pH 7-4; total vol., 3-0 ml. For the measurement of succinoxidase activity 0-5 ml. of 0-5 succinate was added. DPNH was 
generated as described in Table 1. To the flasks indicated by MB, 15 pmoles of methylene blue and 10 pmoles of KCN were 
added. The substrates were tipped in from the side arm following pre-incubation of the otherwise complete reaction 


mixture for 10 min. at 37°. 


O, uptake («moles/hr.) 


Other conditions of experiment were as in Table 1. 


Fluoropyruvate 
x 





c a 
2-5 pmoles 3-75 pmoles 











Control 
Cc a : 7 ~ 
Substrate MB absent MB present 
DPNH 14-0 8-5 
Succinate 12-7 


¢ ~ Y 
MB absent MB present 


Cc Y 
MB absent MB present 


7-0 7-8 0-4 8-6 
12-0 — 10-1 — 
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experiment, added DPN could be recovered almost 
quantitatively even after 30 min. incubation, both 
in the presence and in the absence of the inhibitor. 
Therefore, the inhibitory action of fluoropyruvate 
on the DPNH oxidase of the heart-muscle prepara- 


tion could not be ascribed to the destruction of 


DPN. 


Prevention of the inhibitory effect of fluoropyruvate 
by thiol compounds 
Cysteine or mercaptosuccinate, added before or 


simultaneously with fluoropyruvate, prevented 


its inhibitory effect on the oxidative activity of 


both mitochondrial and heart-muscle preparations 
(Table 4). 


However, the inhibition, if once established, 


could not be reversed by subsequent addition of 


thiol compounds. These findings pointed to the 
possibility that fluoropyruvate might be reacting 
with SH groups. Since urease is known to be very 
sensitive to SH reagents (Hellerman, Chinard & 
Deitz, 1943), the effect of fluoropyruvate on this 
enzyme was examined. It was found that fluoro- 


Table 3. Effect of fluoropyruvate on the oxidation of 
DPNH by varying amounts of pig heart-muscle 
preparation 
Each flask contained pig heart-muscle preparation as 

indicated and 0-8 ml. of 0-5m phosphate buffer, pH 7-4. 

DPN was added from the side arm after 10 min. incubation 

of the enzyme preparation with fluoropyruvate. The 

system for the generation of DPNH and other conditions 

of the experiment were as in Table 1. 


Heart-muscle Fluoro- 


preparation pyruvate O, uptake —_ Inhibition 
(mg. dry wt.) (umoles) (umoles/hr.) (%) 
1-35 0 o-4 0 
0-125 3:3 45 
0-25 1-9 65 
2-25 0 11-0 0 
0-125 6-5 41 
0-25 a3 52 
4-5 0 14-6 0 
0-125 15-0 0 
0-25 10-7 26 
9-0 0 22:8 0 
0-125 21-0 7 
0-25 21-2 7 
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pyruvate (3-75 pmoles/3 ml.) caused an 85 % inhibi- 
tion of the urease activity. Here, too, cysteine or 
mercaptosuccinate prevented the inhibition when 
added before or simultaneously with fluoropyruvate. 

The assumption that fluoropyruvate acts as an 
SH reagent was further supported by the finding 
that addition of the fluoro compound to some 
mercapto derivatives (e.g. mercaptosuccinic acid, 
ethanethiol) resulted in liberation of one equivalent 
of HF (as determined titrimetrically and by 
fluorine estimation), with the simultaneous dis- 
appearance of one equivalent of SH group. The 
reaction products showed a characteristic absorption 
in the ultraviolet region with a maximum at 270- 
275 mu. (type I spectrum). If the thiol compound 
contained an unsubstituted amino group in the «- or 
f-position relative to the SH group (e.g. cysteine, 
mercaptoethylamine, homocysteine), its reaction 
product with fluoropyruvate exhibited an absorp- 
tion peak at 300 my. (type II spectrum), with a 
molar extinction nearly ten times that obtained 
with the type I spectrum compounds (Fig. 2). 


10% € 


240 260 280 300 320 340 360 
Wavelength (my.) 


Fig. 2. Absorption spectra of the reaction products between 
fluoropyruvate and thiol compounds. Reaction mixture: 
100umoles of aminotrishydroxymethylmethane buffer, 
pH 8; 10 moles of fluoropyruvate, 0-2 wzmole of the thiol 
compound, Total vol., 3ml. Control cuvette: thiol 
compound omitted. O, Cysteine; @, mercaptosuccinate. 
Molarity was calculated for the thiol compound (0-2). 


Table 4. Prevention of fluoropyruvate inhibition by thiol compounds 


The system for generation of DPNH was as in Table 1. (a) Guinea-pig mitochondria (25 mg.); (6) heart-muscle prepara- 
tion (8-5 mg.). Cysteine (5 zmoles) was added either (1) before the addition of the particles, or (2) from the side arm after 
15 min. incubation of the reaction mixture. Mercaptosuccinate (5 moles) was added before the particles. Other con- 


ditions were as in Table 1. 


Control 


( 


O, uptake (j~moles/hr.) 


3-75 pmoles) 


Fluoropyruvate ( 


A 


Mercapto- 


Cysteine 


No Cysteine Cysteine Mercapto- No Cysteine 
addition (1) (2) succinate addition (1) (2) succinate 
(a) 16-0 7-8 15-0 13-5 1-1 71 3-1 12-4 
(d) 22-0 21-0 — 21-5 6-4 15-2 —_ 21-0 
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Table 5. Effect of alkylating SH reagents on the respiration of guinea-pig-kidney mitochondria 


Conditions of experiments as in Table 1. 


O, uptake (moles/hr.) 





Inhibitor —- A — ———--- . 

Substrate (umoles/3 ml.) Fluoropyruvate lodoacetate lodoacetamide 
Succinate 0-00 21-7 21-7 21-7 
0-62 19-7 20-5 — 
1-25 19-8 19-8 21-6 
2-50 21-8 18-7 21-6 
pL-Malate 0-00 9-9 9-9 9-9 
0-62 8-4 4-9 — 
1-25 79 2-8 0-8 
2-50 1-8 2-5 0-4 


Comparison of the inhibitory effect of fluoropyruvate 
with known alkylating SH reagents 


The stoicheiometric nature of the reaction 
between fluoropyruvate and thiol compounds 
seemed to be most readily accounted for by the 
assumption that fluoropyruvate acts as an alkylat- 
ing agent. It appeared interesting, therefore, to 
examine the effects of some known alkylating thiol 
reagents on the respiration of the guinea-pig 
mitochondria. As can be seen from Table 5, iodo- 
acetic acid and iodoacetamide inhibited the oxida- 
tion of malate, but did not affect significantly the 
succinoxidase activity 


DISCUSSION 


The action of fluoropyruvate on the respiration of 


isolated tissue particles resembles in many essential 
points the inhibition pattern of chloretone and 
other narcotic substances, as described by Quastel 
and his co-workers (Quastel & Wheatley, 1932; 
Michaelis & Quastel, 1941) in homogenates, and 
recently studied by Mager & Avi-Dor (1956) in 
fractionated tissue preparations. Both chloretone 
and fluoropyruvate affect selectively the oxidative 
systems linked to the pyridine nucleotide coenzymes. 
In both instances the inhibition is correlated with 
an increased destruction of the intramitochondrial 
DPN. 

The sequence of events leading to the coenzyme 
inactivation is not yet well understood. In the 
case of fluoropyruvate it appears likely that this 
compound acts primarily by blocking some SH 


groups which are essential for the maintenance of 


the structural integrity of the mitochondrial unit. 
The hypothesis is favoured by the findings that 
fluoropyruvate shows chemical properties of a 
typical alkylating SH reagent and that known 
reagents of this type (e.g. iodoacetate) affect mito- 
chondrial respiration in a closely analogous manner. 
The partial protection afforded by EDTA against 
fluoropyruvate inhibition seems to be attributable 
to the suppression of the ATPase activity resulting 
from chelation of a metal activator (calcium) (see 
Slater & Cleland, 1952). This interpretation is con- 


sistent with the view that ATP is required for the 
preservation of the intramitochondrial coenzymes 
(Raaflaub, 1953a, b; Brenner-Holzach & Raaflaub, 
1954; Mager & Avi-Dor, 1956), and points to the 
possibility that the primary event in the fluoro- 
pyruvate inhibition may be an interference with the 
regenerative cycle of ATP. The assumption that this 
interference is due to the SH-binding capacity of 
fluoropyruvate may be pertinent to the postulated 
participation of sulphydry] bonds in the phosphoryl- 
ative mechanism associated with DPNH oxidation 
(Lehninger, 1953-4). 

The similarity in action pattern between fluoro- 
pyruvate and chloretone is also striking in respect of 
their effect on cytochrome c reductase (cf. Mager & 
Avi-Dor, 1956). Both compounds inhibit the eyto- 
chrome reductase of the non-mitochondrial heart- 
muscle preparation, but do not significantly affect 
the corresponding system in the mitochondria. 
Further work is needed to decide whether the dis- 
cordant behaviour of the two functionally analogous 
systems reflects an intrinsic difference in their 
enzymic make-up, or depends rather on some 
physicochemical factors which differ in. the two 
tissue preparations. 


SUMMARY 


1. In a mitochondrial preparation from guinea- 
pig kidney, fluoropyruvate inhibits the activity of 
the pyridine nucleotide-linked oxidative systems. 

2. Accumulation of citrate, a characteristic 
feature of fluoroacetate poisoning, does not take 
place. 

3. The inhibition is correlated with the destruc- 
tion of endogenous pyridine nucleotide. 

4. Ethylenediaminetetraacetic acid diminishes 
the degree of inhibition induced by fluoropyruvate. 
Nicotinamide enhances the protective action of the 
chelating agent. 

5. In the presence of lactic dehydrogenase, 
fluoropyruvate is rapidly reduced by reduced di- 
phosphopyridine nucleotide (DPNH), yielding a 
compound devoid of inhibitory properties. 

6. In anon-mitochondrial heart-muscle prepara- 
tion, fluoropyruvate blocks the DPNH-oxidase 
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system at the stage of cytochrome ¢ reductase; the 
diaphorase activity is not affected. 

7. Thiol compounds react chemically with 
fluoropyruvate, thereby preventing its inhibitory 
activity. The reaction products show characteristic 
spectra in the ultraviolet region. 
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The Metabolism of Short-chain Fatty Acids in the Sheep 
4. THE PATHWAY OF PROPIONATE METABOLISM IN RUMEN EPITHELIAL TISSUE* 
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Propionic acid is metabolized by the epithelial 
tissue of the rumen, and it is likely that a sub- 
stantial part of the propionic acid produced by 
microbial activity in the rumen is metabolized by 
this tissue. In a previous paper in this series 
(Pennington, 1954) it was shown that the rate of 
metabolism of propionic acid by sections of sheep- 
rumen epithelium increased with the concentration 
of carbon dioxide/bicarbonate in the system. It was 
accordingly suggested that propionic acid (or 
propionyl coenzyme A) may be carboxylated by 
addition of carbon dioxide. The possibility that the 
observed effect was due to a recognized fixation 
reaction, namely addition of carbon dioxide to 
pyruvate formed from propionate, appeared less 
likely from certain other evidence which was 
presented. Conversion of propionate into succinate 


* Part 3: Annison & Pennington (1954). 


in liver and kidney would provide an explanation for 
the results of the Cleveland investigators (Lorber, 
Lifson, Sakami & Wood, 1950; Shreeve, 1952), who 
found that the «- and £-carbon atoms of propionate 
were completely randomized during the formation 
of glycogen or acetyl groups. On the other hand, 
Wisconsin workers (Huennekens, Mahler & Nord- 
mann, 1951; Mahler & Huennekens, 1953) postulate 
a pathway of «-oxidation via lactate in liver. 

The present paper is concerned with further 
investigations with carbon-14, into the pathway of 
metabolism of propionate in sheep-rumen epi- 
thelial tissue. The results obtained support the 
theory that succinate is formed from propionate and 
carbon dioxide. In addition, some studies were 
made on the ‘antiketogenic’ action of propionate 
with this tissue and a mechanism is suggested to 
account for the suppression of ketone-body forma- 
tion by propionate. 
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Preliminary communications of this work were 
submitted to the Biochemical Society (Pennington 
& Sutherland, 1954, 1955). 


EXPERIMENTAL 


Sections of rumen epithelial tissue were prepared and incu- 
bated in Ca?+-free Ringer solution buffered with phosphate 
or bicarbonate or both and containing appropriate sub- 
strates (total vol., 10 ml.), as previously described (Penning- 
ton, 1954). The NaCl concentration of the medium was 
increased to make it isotonic with sheep blood (Aldred, 
1940). The analyses performed on the media were corrected 
for retention of metabolites by the tissue (Pennington & 
Sutherland, 1956). For some of the experiments tissue was 
removed immediately after killing, from sheep slaughtered 
at the Institute, and was kept before use in ice-cold Ringer— 
phosphate solution continuously aerated with oxygen. In 
other experiments slaughterhouse tissue was used, involving 
slight delays in removal from the animal after slaughter. 


Analytical methods 


Propionic acid was determined by steam distillation in a 
Markham still and titration (Pennington, 1952). No other 
volatile fatty acids are produced when propionate is 
metabolized by this tissue (Pennington & Pfander, un- 
published results). Total ketone bodies, pyruvic and lactic 
acids were determined as described elsewhere (Pennington & 
Sutherland, 1956). 


Extraction of organic acids 


Organic acids were extracted with ether from the incuba- 
tion media by efficient Kutscher-Steudel liquid-liquid 
extractors. For a general description of this apparatus see 
Cohen (1945). The bottom of the funnel was turned up and 
fused on to a sintered-glass disk to break up the ether 
bubbles, and the funnel was lengthened to 40 cm. so that the 
head would be sufficient to force the ether through the 
sintered glass. The lower part of the tube, containing the 
aqueous phase, was kept cool in a bath of running water to 
increase the partition coefficient of the acids. With these 
units succinic acid was completely extracted within 30 min. 
The minimum time required for the extraction of citric 
acid was not determined, but extraction was complete after 
24hr. Normally the sample, in a volume of 20 ml., was 
acidified and deproteinized with 4 ml. of 16% HPO,. Before 
extraction, 20 g. of MgSO,,7H,O was added. Any variations 
from this procedure are described in the text. After 
extraction, the bulk of the ether was distilled off, the last 
traces were removed by a current of dry air, and the mixture 
of acids was taken up in CHCI,-ert.-pentanol (90:10, v/v) 
for chromatography. 


Chromatography of organic acids 


Carboxylic acids were separated by chromatography on 
acid silica gel columns, a method introduced by Isherwood 
(1946) and used with modifications in procedure by other 
workers (Frohman, Orten & Smith, 1951; Marshall, Orten & 
Smith, 1949). Much preliminary work was required to find 
suitable conditions for the satisfactory separation of all the 
acids likely to interest us, particularly lactic and succinic 
acids. Finally, the procedure described below was adopted. 
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Preparation of gel. The best separation of carboxylic acids 
was obtained when the gel was prepared by a procedure 
based closely on that of Gordon, Martin & Synge (1943) and 
Tristram (1946). Sodium silicate (200 ml.) was dissolved in 
200 ml. of distilled water, the solution cooled, and crushed 
ice, made from 200 ml. of distilled water, added together 
with methyl orange (2 ml. of a 0-1% solution). Cooled 
10N-HCI was added in a fine stream with vigorous stirring. 
When the indicator remained pink for 3 min. a further 
40 ml. of 10N-HCl was added and the mixture stood for 3 hr. 
with occasional stirring. It was then filtered by suction and 
the precipitate washed on the funnel with 2 1. of 5n-HCl; the 
suction was adjusted so that this took at least 1 hr. to run 
through. Finally the gel was washed with distilled water 
until the washings were Cl free. It was then mixed with 
1500 ml. of 0-2N-HCI, stood 3-4 days with occasional 
stirring, filtered, and washed until Cl” free. After a short 
period of drying at 105° all lumps were ground out and the 
powder was dried for 24 hr. at 105° and stored in airtight 
containers. 

Chromatographic procedure. A sample (1-5 g.) of the 
silica was ground rapidly in a mortar with dil. H,SO, (see 
below), the mixture transferred to a stoppered tube and 
vigorously shaken for 5 min. in a mechanical shaker with 
20 ml. of dry CHCI, ; the CHCI, used in all these experiments 
contained 1% of ethanol added as a stabilizer. The slurry 
was poured into a tube 50 cm. x 0-7 em. internal diameter, 
air bubbles were removed by rapid stirring with a thin glass 
rod, and 50 ml. of CHCl, was run through to pack the column. 
The sample, dissolved in 1 ml. of CHCl,-¢ert.-pentanol 
(90:10, v/v), was added to the top of the column, followed by 
1 ml. of CHCl, when the sample had run in. The top of the 
tube was attached to a mixing reservoir of the type described 
by Donaldson, Tulane & Marshall (1952), which delivers 
a liquid of progressively changing composition on to the 
column. The lower chamber of the reservoir, the volume of 
which was 165 ml. up to the side arm, contained CHCl, 
equilibrated with 0-25N-H,SO,. In the upper vessel was 
placed a mixture of 4 vol. of equilibrated CHCl, and 1 vol. of 
tert.-pentanol. Thus the solvent flowing through the column 
contained a gradually increasing proportion of pentanol. 
Fractions (2 ml.) were collected and titrated with 0-004N- 
KOH in methanol. Dry, CO,-free air was bubbled through 
the liquid from 1 min. before commencing the titration. 
Cresol red was used as indicator. 

Fig. 1 shows a typical chromatogram of acids which were 
separable. The formic acid peak overlapped those of pyruvic 
and fumaric acids; 8-hydroxybutyric acid followed on and 
slightly overlapped fumaric acid, whilst malonic acid 
followed and markedly overlapped «-oxoglutaric acid. The 
initial rate of flow was normally about 50 ml./hr.; if it 
exceeded about 60 ml./hr. the peaks were noticeably less 
sharp. The rate of flow was governed critically by the 
moisture content of the gel, increasing with increase in the 
latter. This varied slightly with different batches and it was 
necessary to ascertain with each batch the volume of dil. 
H,SO, to be mixed with 1-5 g. of gel to produce a satisfactory 
flow rate. This was usually between 1-2 and 1-4 ml., and the 
concentration was adjusted so that it contained in all cases 
0-375 m-equiv. of acid. 

In some cases it was desired to determine lactic and malic 
acids on the fractions of the corresponding peaks from the 
column, following titration. The fractions were extracted 
with an equal volume of 0-02N-NaOH. In the case of lactic 
acid the alkaline solution was then extracted twice with 
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Chromatogram of acid mixture on acid silica-gel column. Gradient elution with chloroform—fert.-pentanol 


was used, as described in the text. 
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equal volumes of ether in order to remove pentanol, which 
was found to inhibit the development of the colour in the 
determination of lactic acid with p-hydroxydiphenyl. 

The recovery of lactic acid after chromatography was 
always low (about 80%). The values given in the tables for 
total radioactivity in the lactate have been corrected 
accordingly. 

For an unexplained reason fluorimetric determination of 
malic acid (Hummel, 1949) on fractions from the malate 
peak gave values only about one-quarter of those expected 
from the titration figures. This was so, both with malate 
produced by the tissue and when pure solutions of malate 
were passed through the silica-gel column. 


20 cm 
Sintered-glass 
disk, porosity 
grade 1 
(100-120p..) <Gas 
a 


Fig. 3. Gas-absorption vessel. 
Radioactivity procedures 
For experiments involving measurement of the produc- 
tion or fixation of “CO, by the tissue a special unit consisting 
of a flask and wash-bottle head fitted with taps was used 
(Fig. 2). After addition of the tissue and medium the flask 
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was gassed for 10 min. through A with the appropriate gas 
mixture. After closing the taps a small amount (1-5 umoles) 
of labelled substrate or NaH™CO, of high specific activity 
(about 1 c/umole) was injected through the rubber cap. 
To assay “CO, after incubation of the flask, acid was injected 
through the cap, CO,-free air passed in at A and the gas from 
B passed through 50 ml. of 0-1N-NaOH (CO,-free) in an 
absorption vessel of the design shown (Fig. 3). The maximum 
allowable gassing rate was not ascertained, but complete 
absorption of CO, was obtained with a rate of 10 ml./min. 
Following absorption the alkali was readily forced out 
through tap a by applying a slight pressure at b and the tube 
washed out with a little water. To the alkali solution was 
added 6 ml. of N-NH,Cland after heating nearly to boiling at 
least twice the expected amount of 0-2mM-BaCl, required for 
precipitation of the carbonate, and not less than 2 ml., was 
added. After cooling, the precipitate was filtered off on a 
sintered-glass filter, washed successively with cold water 
(about 10 ml.), acetone and ether, and dried at 100° for 1 hr. 
and weighed. 

When propionic acid was present in the flask there was 
a slight carry-over and absorption of propionate on the 
BaCO, precipitate. The addition of 100 pmoles of unlabelled 
propionate before precipitating the BaCO, prevented 
appreciable contamination of the BaCO, with radioactive 
propionate. 

A portion of the dried BaCO, precipitate was ground 
with ethanol and the slurry transferred to a weighed nickel 


Table 1. 
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planchet (1-5 cm. in diameter) and spread uniformly with a 
thin glass rod. After drying and weighing, the radioactivity 
was measured with an end-window Geiger counter. The 
activity was corrected to zero thickness in the usual manner 
with a self-absorption curve constructed from samples of 
a standard Ba'CO, of varying weight. In some experiments 
a portion of the Na,CO,-NaOH solution was precipitated 
with BaCl, in a centrifuge tube. The precipitate was washed 
by centrifuging and transferred completely to the planchet. 

The radioactivity in the fractions from the silica-gel 
columns was measured after adding a slight excess of KOH 
and evaporating the solution in a current of air while 
warming the tube. When the volume was sufficiently small 
the liquid was transferred to a planchet and dried on a hot 
plate. The weight of material present was normally too 
small to necessitate a self-absorption correction. 

The labelled propionate and fumarate used as substrates 
in the experiments were all obtained from the Radio- 
chemical Centre, Amersham, and their counting activity 
under our conditions was measured after evaporation of 
small quantities on planchets. 


RESULTS 
Chemical analysis showed that lactate was a major 
product of the metabolism of propionate by rumen 
epithelial sections. This was confirmed by silica-gel 
chromatography, which also failed to reveal the 


Metabolism of [carboxy-“C]propionic acid by sheep-rumen epithelium 


Tissue (2 g., from slaughterhouse sheep) was incubated for 3 hr. at 39-5° in Ringer-phosphate—bicarbonate containing 


the additions indicated (as sodium salts). Gas phase: O, +CO, (95:5, v/v). 


Expt. 
no. Substrate 
1 [carboxy-C]Propionate (100 zmoles) 
2 {carboxy-C]Propionate (100 pmoles) 
3 [carboxy-'C]Fumarate (500 pmoles) 


* By chemical analysis. 


Table 2. 


Tissue (from slaughterhouse sheep) was incubated for 
the substrates shown. Gas phase: O, + CO, (95:5, v/v). 


3hr. at 39-5 


Substrate Substrate 


Substrate Lactate carboxyl-C carboxyl-C 
utilized* formed* in lactatet in CO,+ 
(umoles) (umoles) (patoms) (watoms) 

70-8 29-8 6-10 58-2 

61-0 29-3 4-16 57-2 

= 3-2 eo a 

— 11-9 2-02 31-0 

-- 2-5 - ~ 

= 13-2 3-56 10-2 

a 4-4 a =. 


+ Total counts/min. in lactate or BaCO, divided by counts/min./umole of substrate. 


Fixation of carbon dioxide during metabolism of propionate, pyruvate and fumarate by epithelium 


in Ringer—phosphate—bicarbonate containing 


Substrate 
Wt. of — A —$_______, Substrate Lactate 
Expt. tissue Amount utilized formed CO, fixed 
no. (g-) Nature (umoles) (umoles) (umoles) (umoles) 
1 3 Propionate 100 60-1 — 25 
- 7 Pi 2 0-2 
2 3 Propionate 100 53-4 33-2 30 
1-5 Pyruvate 100 37-5 20-4 1-7 
1-5 — — = 0-5 
3* 2 Propionate 200 32-4 19-4 
2 Fumarate 500 — 11-2 1-23 
2 — — 4-4 0-5% 


* Tissue from the same animal as used for Expt. 3, Table 1. 
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presence of any other ether-soluble organic acid 
after incubation of the tissue with propionate. 
Table 1 shows the results of experiments in which 
[carboxy-C }propionic acid was metabolized and the 
amount of isotope appearing in the carbon dioxide 
and lactic acid was measured. It may be seen that 
the greater part of the isotope in the propionate 
utilized can be accounted for as carbon dioxide. In 
line with this, the specific activity of the lactate 
formed was only a fraction of that of the propionate. 
The difference would be even greater if the radio- 
activity of the lactate were corrected for the in- 
corporation of CO, formed from the propionate 
(see Table 2). It is improbable that this was due to 
dilution by unlabelled lactate from other sources, 
since the endogenous-lactate production was low. 
In a similar experiment with carboxyl-labelled 
fumarate (Expt. 3) the specific activity of the 
lactate formed was low also, but relatively higher 
than that of the lactate formed from propionate. In 
this experiment unlabelled lactate equivalent to 
ten times the amount of lactate in the medium was 
added before ether extraction, and the observed 
specific activity corrected accordingly. Otherwise 
the lactate peak on the chromatogram was swamped 
by the large quantity of fumarate present. 

In order to determine whether the metabolism of 
propionate is accompanied by fixation of carbon 
dioxide, as seemed likely from the effect of carbon 
dioxide upon the rate of metabolism of propionate, 
propionate was metabolized in the presence of 
4CO, (Table 2). For comparison, similar ex- 
periments were carried out with pyruvate and 
fumarate. 

The quantity of “CO, fixed was computed from 
the total radioactivity in a 24 hr. ether extract of the 
acidified medium and tissue washings. There was 
negligible activity remaining in the medium after 
ether extraction, and the tissue itself had no 
measurable activity after drying. Within the limits 
of error all of the activity in the ether extract could 
be accounted for by the activity of the lactic acid. 
Degradation of the lactic acid produced from pro- 
pionate in Expt. 2 with chromic acid (Aronoff, 
Barker & Calvin, 1947) showed that essentially all 
of the radioactivity was in the carboxyl group. 

The fact that a considerable amount of carbon 
dioxide is ‘fixed’ during the metabolism of pro- 
pionate, whilst there is relatively a very small 
fixation when pyruvate or fumarate are meta- 
bolized, could reasonably be explained by addition 
of carbon dioxide to propionate to form succinate 
and ultimate conversion of the succinate into 
lactate. To test this hypothesis, malonate was used 
to block the further metabolism of succinate formed 
from labelled propionate and from propionate in the 
presence of labelled carbon dioxide. It was pre- 
viously shown (Pennington, 1954) that succinate is 


Lactate 


produced 
(umoles) 


xpt. 3; 0-02 in Expts. 1, 
aughtered at the Institute 


uptake 
(»moles) 
(cale.) 


O, + CO, (80: 20, v/v) in Expts. 
Propionate 


Cale. value 
for % 
incor- 

poration} 


sodium malonate (0-01M in E 
(% in additional 
succinate*) 
47 


phosphate-bicarbonate. Gas phase 


CO, into succinate 


0-06 
1-91 


2-34 


0-0 


asks contained 
Incorporation of labelled 


carbon from propionate or 


(watoms) 


9-5° in Ringer— 
6-40 


2-72 


produced 
(umoles) 


t the slaughterhouse; that obtained in Expts. 3 and 4 was from sheep sl 
Succinate 


© 


Propionate 
carboxyl-C 
in CO, 
(atoms) 


xpts. 3 and 4) was incubated for 3 hr. at 3 


1-3; O, + CO, (95:5, v/v) in Expt. 4. The CO, was labelled in (a) and (b) in each experiment. All fl 


2 and 4). The tissue in Expts. 1 and 2 was obtained from sheep killed a 


. 
and was removed rather more quickly after killing. 


iy 


Addition 


3. Formation of labelled succinate in presence of malonate from [carboxy-“C] propionate and from propionate and 4CO, 


400 pmoles of Na propionate 


r 


Table 
Tissue (2 g. in Expts. 1 and 2; 3 g. in I 


b 
a 


no. 
la 
2a 


Expt. 


19-0 


64 


400 pmoles of Na [carboxy-4C]propionate 


2 


6-8 
30-3 
27- 


14-3 


66 


67 
48 
67 


2 
1-41 
1-05 


5-94 


) 


11-3 


13-2 
44:3 


400 umoles of Na [carboxy-C]propionate 
400 pmoles of Na [carboxy-'4C]propionate 


400 pmoles of Na propionate 
400 pmoles of Na propionate 


4a 


b 


” 

so 

wn 
Q 


Aid 


D 16 
oe 


3-08 
19-14 


19-82 


b 


400 nmoles of Na propionate 


1 te 


© 


64:1 


56 


9-30 


54-2 


400 pmoles of Na [carboxy-'4C]propionate 


* Specific activity (counts/min./umole) of additional succinate formed from 
endogenous succinate production is unaltered when propionate is metabolized. 








+t See Discussion. 
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Table 4. Degradation of succinate produced by metabolism of propionate 


The fractions constituting the succinate peak from each chromatogram in Expt. 4, Table 3, were combined, after 
radioactivity measurements, and the succinate content was checked manometrically by succinic oxidase. The resulting 
fumarate-malate mixture was degraded with acid permanganate. Acetaldehyde from the degradation contained no 


detectable radioactivity. 
Succinate in 








chromatogram peak* Total 
we ‘ activity in Activity of 
By By succinic chromatogram CO, from 
titration oxidase peak degradation 
Substrate (umoles) (umoles) (counts/min.) (counts/min.) 
Propionate, CO, 11-8 12-4 5581 6011 
10-6 7:8 5594 6348 


[carboxy-4C]Propionate, CO, 


* A portion of the medium was extracted and chromatographed; hence these figures do not correspond with those in 
Table 3, which represent total succinate production. 


formed by this tissue when propionate ismetabolized Table 5. Specific activity of succinate and lactate 


in the presence of malonate. The results of several formed during the metabolism of propionate in the 
experiments are given in Table 3. Since it would presence of malonate 
probably be difficult to separate any succinate Tissue (3 g.; from Institute sheep) was incubated for 


formed from the large quantity of malonate present, 3 hr. at 39-5° in Ringer-phosphate-bicarbonate containing 
owing to the closeness of their R, values the sodium propionate (400umoles) and sodium malonate 
malonate was destroyed by acid permanganate (0-01m). Gas phase: O0,+CO, (95:5, v/v). [carboay-C]- 
before extraction of the medium with ether. The Propionate was used in the first run and “CO, in the second. 
formic acid thus formed was removed when the 
ether was evaporated off. Any «-oxoglutarate 
present would be oxidized to succinic acid by this 
treatment; this acid is not likely to be present in 1 3294 
appreciable amounts. The succinate was isolated by 2 
silica-gel chromatography and its radioactivity 
determined. It may be seen that poorer yields of 
succinate were obtained with tissue from slaughter- 
house sheep, presumably because of the inevitable 


Specific activities (counts/min./ mole) 


cr A \ 
Propionate co, Succinate Lactate 

— 1277 631 
1765 856 509 





acid permanganate. The ratio of radioactivity to 
titration figure of all the fractions constituting the 
peak was approximately constant. In Expt. 1 
delay in removal of the rumen after killing, or as succinic acid was added to a portion of the ether 
a result of the starvation of the animals before extract before chromatographing; the specific 
activity of the fractions in the peak was again 
constant and diluted by the expected amount. 
A further check was provided by two other experi- 
ments in which the fractions from the peak, after 
drying and counting, were redissolved, pooled and 
ether-extracted, and the succinic acid was deter- 
0-02 mM were not used since the amount of propionate mined manometrically with a sheep-heart succinic 
disappearing was sharply decreased, being negligible oxidase preparation (Cohen, 1945). The resulting 
with 0-08m malonate.) The succinate formed, mixture of fumarate and malate, after removal of 
however, was heavily labelled; the specific activity, protein with metaphosphoric acid, was oxidized 
after correcting for the endogenous succinate, withacid permanganate (Wood, Werkman, Heming- 
averaged over one-half that of the propionate or way & Nier, 1941). The carbon dioxide produced was 
carbon dioxide. Of particular interest is the fact counted as barium carbonate and the acetaldehyde 
that the specific activity of the succinate relative to as the 2:4-dinitrophenylhydrazone. Table 4 indicates 
that of the starting material was of the same order, _ that all of the activity of the succinate was located 
and in two of the experiments closely similar, in the carboxyl groups. 
whether the isotope came from the propionate or the In another experiment (Table 5) the specific 
carbon dioxide. activities of the succinate and lactate produced when 
Lactate formation was markedly decreased by  [!4C]propionate was metabolized in the presence of 
0-2mM malonate (Expt. 4). malonate were compared. Since lactate is oxidized 
The identity of the succinate in these experiments _ by acid permanganate it was not possible to use this 
was deduced initially from the position of the peak reagent to destroy malonate. The amounts of 
on the chromatogram together with its stability to succinate and lactate relative to malonate were 


slaughter. 

The succinate isolated in all cases accounted for 
only a fraction of the propionate metabolized, 
owing presumably to incomplete blocking of 
succinate oxidation at the malonate concentrations 
used. (Concentrations of malonate greater than 
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therefore increased by adding unlabelled succinate 
and lactate, equivalent to ten times the quantities 
of these acids in the medium, before ether extraction, 
in order to avoid swamping of the peaks on chro- 
matography. 

The possibility that labelled succinate may be 
formed from propionate by some route other than 
direct by control 
experiments with other substrates which would be 


carboxylation was checked 


likely intermediates. Table 6 gives the results of an 


Table 6. 
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experiment with fumarate in which both the fumar- 
ate and carbon dioxide were labelled in separate 
runs. The specific activity of the succinate was much 
lower than that obtained from propionate. In the 
next experiment (Table 7) pyruvate was also 
included, but the activity of the succinate was 
no greater than in the without sub- 
strate. Table 8 shows fixation of 
carbon dioxide with acrylate, lactate or pyruvate 


control 
negligible 


as substrate. 


Quantity and radioactivity of succinate formed from fumarate or propionate in presence of malonate 


Rumen epithelium (3 g.; from Institute sheep) was incubated for 3 hr. at 39-5° in Ringer—phosphate—bicarbonate 
containing sodium malonate (0-02M) and the additions shown. Gas phase: O, + CO, (95:5, v/v). 


No addition, “CO, 
Na fumarate (500 umoles), “CO, 


Na [carboxy-“C]fumarate (500 zméles), CO, 


Na propionate (400 pmoles), “CO, 


Incorporation of labelled 
carbon into succinate 





Succinate 


Ss ST ee ee ee ee 
produced (% in additional 
(umoles) (patoms) succinate*) 

4-47 0-64 14 
11-94 1-84 16 
14-33 0-55 5 

9-90 23 66 


* Specific activity of succinate or additional succinate formed/specific activity of substrate. The assumption is made 
that endogenous succinate production is unaltered when fumarate or propionate is metabolized. 


Table 7. 


Quantity and radioactivity of succinate formed from pyruvate, fumarate or propionate 


in presence of malonate 


Rumen epithelium (3 g.; from Institute sheep) was incubated for 3 hr. at 39-5° with Ringer—phosphate—bicarbonate 
containing sodium malonate (0-02M) and the additions shown (as sodium salts). Gas phase: O, +CO, (95:5, v/v). 


No addition, “CO, 

Pyruvate (200 pmoles), CO, 
[carboxy-“C]Fumarate (200 umoles), CO, 
Propionate (400 umoles), “CO, 
[carboxyl-4C]|Propionate (400 wmoles), CO, 


* Specific activity of succinate or additional succinate formed/specific activity of substrate. 


Incorporation of labelled 
carbon into succinate 


Succinate poe 
produced (% in additional 
(nmoles) (atoms) succinate*) 
4-30 0-03 <l 
6-52 0-03 0 
6-46 0-34 16 
11-29 3-04 44 
8-30 1-93 48 


It is assumed that the 


presence of the substrates does not alter the endogenous succinate production. 


Table 8. Quantity and radioactivity of succinate formed from lactate, acrylate, pyruvate, 
fumarate or propionate in presence of malonate 


Rumen epithelium (3 g.; from Institute sheep) was incubated for 3 hr. at 39-5° with Ringer—-phosphate—bicarbonate 
containing sodium malonate (0-02M) and the additions shown (as sodium salts). Gas phase: O, + CO, (95:5, v/v). 


No addition, “CO, 

Acrylate (400 pmoles), @CO, 

Lactate (400 pmoles), “CO, 

Pyruvate (400 wzmoles), “CO, 
[carboxy-4C|Fumarate (500 pmoles), CO, 
{carboxy-4C]Propionate (400 pmoles), CO, 


* Specific activity of succinate or additional succinate formed/specific activity of substrate. 
presence of the substrates does not alter the endogenous succinate production. 


Percentage of 


Succinate patoms of succinate 
produced labelled carbon incorporating 
(umoles) in succinate labelled carbon* 

3°34 0-13 4 

4-15 0-01 —_— 

5-64 0-20 3 

4-48 0-12 - 

9-88 0:26 4 

4-46 0-65 58 


It is assumed that the 
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Table 9. Metabolism of [carboxy-'4C]propionate in in the presence of a succinate pool 


Rumen epithelium (2 g.; from slaughterhouse sheep) was incubated for 3 hr. at 39-5° with Ringer—bicarbonate and the 


additions shown. Gas phase: O, + CO, (95:5, v/v). 


Percentage 
Propionate of added 
carboxyl-C _ radioactivity 
in CO, appearing in 
Additions (watoms) succinate 
100 pmoles of [carboxy-4C}]- 34 <0-01 
propionate + 100 zmoles of 
succinate 
5 moles of [carboxy-14C]- 3-5 0 


propionate + 200 umoles of 
succinate 
100 pmoles of succinate — — 


Succinate Fumarate Malate Lactate 
utilized formed formed formed 
(umoles) (umoles) (umoles) (umoles) 
76-9 0 14-5 18-6 
89-3 9-5 17-2 12-8 
68-6 8-9 9-5 5-3 





Table 10. Metabolism of propionate and pyruvate by sheep-rumen epithelium 


Tissue (2 g. from slaughterhouse sheep) was incubated for 3 hr. at 39-5° in Ringer—phosphate (gassed with O,) or Ringer- 
phosphate—bicarbonate (gassed with O,+CO,, 80:20, v/v) and 100umoles of sodium propionate and/or 100 umoles of 
sodium pyruvate, as indicated. All results are corrected to 100 mg. (dry wt.) of tissue. 


Expt. 
no. CO, 
] - = 
Pyruvate 
Propionate 
Pyruvate + propionate 


Addition 


Pyruvate 
Pyruvate + propionate 


3 z = 
Pyruvate 
Propionate 
Pyruvate + propionate 


4 + — 
Pyruvate 
Propionate 
Pyruvate + propionate 


Pyruvate 
Propionate 
Pyruvate + propionate 


ou 
=} 


An alternative procedure to the use of inhibitors 
for trapping labelled intermediates is to metabolize 
the labelled substrate in the presence of a large pool 
of the unlabelled, suspected intermediate. The pool 
should become radioactive provided that the added 
and metabolically produced molecules are, to some 
degree at least, interchangeable within the system. 
Table 9 represents the results of an experiment in 
which [carboxy-C]propionate was metabolized in 
the presence of unlabelled succinate. In the last of 
the three runs shown succinate was metabolized 
alone, and labelled propionate added at the end of 
the incubation period to check that the succinate 
when isolated by chromatography possessed no 
radioactivity due to contamination with propionate. 


40 


Pyruvate Propionate Lactate Ketone bodies 
used used formed formed 
(moles) (umoles) (umoles) (umoles) 
-— — 2:3 3-5 
24-5 — 10-8 9-5 
-- 1-5 2-0 0-9 
21-6 0-4 14-6 2-7 
— 1-3 2-6 
29-2 _— 8-2 8-5 
22:1 — 17-6 1-0 
_— -- 1-5 3°8 
31-2 _ 12-3 10-7 
-- 1-6 2-0 1-3 
29-3 6-4 20-3 2-9 
a 12 2-5 2-2 
42-5 _— 18-3 5-6 
— 28-0 15-6 0-4 
37-1 28-0 31-6 0-4 
= — 0-7 2-3 
30-8 — 14-0 6-1 
= 27-6 14-1 1-6 
24-2 22-8 34:8 1-4 


Contrary to expectations the succinate pool had 
negligible activity at the end of the experiment. 
Two other peaks, in positions corresponding to 
fumarate and malate, appeared on the chromato- 
gram when succinate was present so that the latter 
evidently penetrated the cells. The identity of the 
fumarate and malate was confirmed by co-chro- 
matography and, in the case of malate, by fluori- 
metric assay (Hummel, 1949) of the fractions from 
the column. 

It has been shown in another paper (Pennington 
& Sutherland, 1956) that when pyruvic acid is 
metabolized by rumen epithelium there is an in- 
crease in ketone-body formation. The fact that 
propionate suppresses endogenous ketone-body 
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formation in the tissue (Pennington, 1952) seemed 
also to rule out an oxidation pathway to pyruvate as 
postulated for liver by Huennekens e¢ al. (1951), 
Mahler & Huennekens (1953), and favours con- 
version into a dicarboxylic acid. The experimental 
results given in Table 10 indicate that propionate 
also suppresses ketone-body formation from pyru- 
vate when both are metabolized together. This is 
so even when, in the absence of carbon dioxide, 
hardly any propionate is metabolized. 





DISCUSSION 


It has been well established that, in animal tissues, 
propionate may be converted ultimately into 
carbon dioxide, lactate or carbohydrate (Deuel, 
Butts, Hallman & Cutler, 1935; Ringer, 1912; 
Huennekens et al. 1951; Daus, Meinke & Calvin, 
1952). The formation of lactate and carbon dioxide 
by rumen epithelium accords with this. However, 
the route by which propionate enters the known 
metabolic pathways has been extremely’ hypo- 
thetical. 

The present results appear to rule out a direct 
oxidative pathway to pyruvate as postulated by 
Huennekens et al. (1951). The incorporation of the 
carboxyl carbon of propionate or the carbon of 
carbon dioxide to such a high and similar degree into 
succinate (Table 3) can only be convincingly 
explained by the addition of carbon dioxide to 
propionate or a close derivative to form succinate 
(or succinyl-coenzyme A). Furthermore, such a 
direct pathway would not explain the loss of most 
of the radioactivity of the carboxyl group when 
propionate is converted into lactate (Table 1), and 
the correspondingly large incorporation of carbon 
dioxide into the carboxy] group of lactate (Table 2). 
Of particular importance is the fact that the specific 
activity of the lactate was lower than that of the 
succinate (Table 5). 

The fact that the specific activity of the succinate 
isolated was less than that of the propionate may be 
explained as a result of the carboxylation of pro- 
pionate together with the incomplete blocking of 
succinate oxidation by malonate (evidenced by the 
large amount of radioactive carbon dioxide formed) 
and the operation of the citric acid cycle in the 
tissue, for which some evidence has been provided 
(Pennington & Sutherland, 1956). The succinate 
leaking past the block will be converted into oxalo- 
acetic and pyruvic acids and condensation of these 
will ultimately regenerate succinate. The carboxy] 
carbon of the original succinate will be lost during 
this chain of reactions and the newly formed 


succinate will be unlabelled. 

It is possible to give a quantitative explanation of 
the lowering of the specific activity of the succinate 
if one accepts certain other assumptions which 
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accord well with what is known of the metabolism of 
rumen epithelium. In the first place it is assumed 
that the carboxylation of propionate is irreversible ; 
evidence for this was provided by the lack of radio- 
activity in the residual propionate when propionate 
was metabolized in the presence of 4CO,. Further, 
that there must be no side-reactions (other than 
lactate formation) involving the acids of the citric 
acid cycle, and no piling up of intermediates other 
than succinate (and «-oxoglutarate, which will be 
included in the succinate). We have evidence which 
indicates that there is no important amino acid 
formation in this tissue. Thirdly, it is assumed that 
the succinate which leaves the active site of meta- 
bolism does not return. We have suggested else- 
where (Pennington & Sutherland, 1956) from con- 
sideration of other data that there may be re- 
strictions on the movement of added dicarboxylic 
acids within this tissue. 

Consequently, if x is the fraction of the succinate 


ae co a 
retained by the malonate block, a fraction —;— will 


reappear as unlabelled succinate. On the second 
. l-zx ; : 1-2\? 
cycling (* = x is retained and (5 *) fresh 
succinate is formed, and so on. (It is assumed that 
the rate of reappearance of succinate and the rate of 
diffusion from the active site of metabolism are 
rapid compared with the duration of the experi- 
ment.) 
If P is the amount of propionate metabolized the 
total succinate production will be, therefore: 


l-—z 1-2\? 
Pel 1+(5*)+(—F) +-- 
Px 2a 


~ l—z l+a 
-G) 


The active succinate production will be Px. 

Hence the specific activity of the succinate 
isolated relative to that of the first-formed succinate 
(and therefore the propionate) will be 


Px _1l+2# 
-——" + 
P— 

1+2 


A correction is necessary for lactate formation, 
which may be allowed for as follows: 
If the amount of lactate formed is L, this repre- 
. wv : 1 
sents a loss of L ——— of unlabelled succinate. The 
1l+a 
total succinate formation will then be 
(2P —L) a/(1+2), 


and its specific activity relative to that of the 


propionate leas: IP 
>) (P=): 
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In the experiments « is equal to the fraction of 
the isotope in the propionate metabolized which 
appears in the succinate. In Table 3 (column 7) 
the expected relative specific activity of the 
succinate, calculated as above, is given. There is 
good agreement with the experimental values. In 
Expts. 1 and 2 lactate formation was extremely 
low and was not corrected for. 

The relatively low activity in the succinate 
formed from fumarate makes it improbable that 
carbon dioxide addition occurs after oxidation of 
propionate to acrylate (cf. Lardy & Fischer, 1953) or 
that succinate is formed by any other pathway 
ending in the reduction of fumarate. 

The absence of any appreciable incorporation of 
propionate carboxy] carbon into a pool of succinate 
(Table 9) was surprising in view of the high isotope 
content of the succinate trapped by malonate. It 
seems necessary to postulate intracellular barriers 
to the ready interchange of produced and added 
succinate (see above). 

In this connexion it is of interest that when 
Escherichia coli metabolized labelled acetate in the 
presence of added succinate or «-oxoglutarate, the 
labelled succinate formed apparently mixed readily 
with the trapping agent, but this was not so in the 
case of «-oxoglutarate (Swim & Krampitz, 1954; 
Ajl & Wong, 1954). 

The formation of lactate from propionate could 
readily occur via succinate. Lactate is known to 
be formed from dicarboxylic acids by this tissue 
(Tables 2 and 9; see also Pennington & Sutherland, 
1956) and presumably involves the decarboxylation 
of malate or oxaloacetate. Lactate formed thus 
from [carboay-14C}propionate should have a specific 
activity at most one-half that of the propionate. In 
actual fact (Table 1) the relative specific activity of 
the lactate was considerably less than this. This 
is probably a result of rapid interconversion of 
oxaloacetate and phosphoenolpyruvate which, 
together with rapid interconversion of oxaloacetate 
with fumarate, would lead to partial equilibration 
of the carboxyl-carbons of the acids with the carbon 
of the carbon dioxide pool in the flask. 

Recently, several workers have studied the path- 
way of propionate metabolism in other tissues. 
Lardy and his co-workers have obtained evidence 
(Lardy & Peanasky, 1953) that in liver, also, 
propionate is converted into succinate by carboxy- 
lation, contrary to the mechanism postulated by 
Huennekens et al. (1951). A similar conclusion has 
been reached by Wolfe (1955). However, Katz & 
Chaikoff (1955) have shown that, in addition to 
succinate, isosuccinate (methyl malonate) is formed 
from propionate by liver, indicating that both «- 
and 8-carbons of propionate may be carboxylated. 
The formation of methyl malonate from propionate 
was discovered independently in Ochoa’s laboratory 
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(Flavin, 1955; Flavin, Ortiz & Ochoa, 1955). With 
pig-heart preparations, methyl malonate but no 
succinate was formed. Other tissues (rat heart, 
liver and kidney, sheep kidney) formed both pro- 
ducts and were able to convert methyl malonate 
into succinate. 

In our own experiments, methyl malonate, if 
formed by rumen epithelium, would have been 
destroyed during the removal of malonate with acid 
permanganate and have escaped detection. 

Whiteley (1953) has demonstrated the reversi- 
bility of the decarboxylation of succinate in bacterial 
extracts. 

The conversion of propionate into succinate 
seemed at first to be a likely explanation of the 
effectiveness of propionate in suppressing the endo- 
genous ketone-body formation by this tissue. 
Further metabolism of the succinate would lead to 
the formation of oxaloacetate which, by condensing 
with acetyl-coenzyme A, would divert the latter 
away from acetoacetic acid formation. The results of 
Table 10, however, suggest another explanation for 
the antiketogenic activity of propionate. It may be 
seen that, as well as suppressing ketone-body 
formation from pyruvate, the presence of pro- 
pionate also lowers the uptake of the latter. In 
contrast, glucose, which also suppresses ketone- 
body formation from pyruvate, actually increases 
the total quantity of pyruvate metabolized 
(Pennington & Sutherland, 1956). The experiments 
in this paper, which were all carried out with intact 
cells, throw no light on the intimate mechanism of 
the reaction, such as the possible involvement of 
coenzyme A. By analogy with other tissues, how- 
ever, it is likely that the first step in propionate 
metabolism is the formation of propionyl-coenzyme 
A. By competing for available coenzyme A pro- 
pionate may lower the concentration of acetyl- 
coenzyme A formed from pyruvate to a level where 
it may be all metabolized by condensation with 
oxaloacetate. 


SUMMARY 


1. When [carboay-“C]propionic acid was meta- 
bolized by sheep-rumen epithelial tissue, the greater 
part of the isotope appeared in carbon dioxide. 
Most or all of the remainder was found in the 
carboxyl group of the lactate formed; the specific 
activity of the lactate was much less than that of the 
propionate. 

2. When propionate was metabolized, carbon 
dioxide was fixed into lactate. Relatively little 
carbon dioxide was fixed when pyruvate or fumarate 
was metabolized. 

3. In the presence of malonate, succinate of high 
and similar relative specific activity was formed 
from propionate and carbon dioxide when either 
was labelled. Under similar conditions succinate 
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formed from pyruvate, fumarate, lactate or acrylate 
had relatively low specific activity. This is taken as 
evidence that the metabolism of propionate involves 
carbon dioxide fixation to form succinate. 

4. There was negligible labelling of a succinate 
pool when labelled propionate was metabolized. 

5. Fumarate and malate were produced from 
succinate by rumen epithelium. 

6. Propionate suppressed ketone-body formation 
from pyruvate and lowered the total amount of 
pyruvate metabolized. 


The authors wish to acknowledge the technical assistance 
of Mr J. Appleton, Mr R. Green and Miss W. Shonberg. 
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A Comparison of the Action of Penicillinase on Benzylpenicillin 
and Cephalosporin N and the Competitive Inhibition 
of Penicillinase by Cephalosporin C 
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A species of Cephalosporium (I.M.I. 49137) has been 
found to produce two hydrophilic antibiotics, 
named cephalosporin N and cephalosporin C 
(Abraham, Newton & Hale, 1954; Newton & 
Abraham, 1955). Cephalosporin N, a monoamino- 
dicarboxylic acid which is highly sensitive to 
penicillinase and yields penicillamine (f-thiolvaline) 
and p-x-aminoadipic acid on hydrolysis, is probably 
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(D-4-amino-4-carboxy-n-butyl)penicillin (Newton & 
Abraham, 1954). It appears to be identical with 
synnematin B (Abraham et al. 1955). Cephalo- 
sporin C is a monoaminodicarboxylic acid which is 
similar to cephalosporin N in chemical composition 
and also yields D-«-aminoadipic acid on hydrolysis. 
It resembles the penicillins in some of its properties 
but differs from them strikingly in others. For 
example, it is not sensitive to penicillinase and does 
not give f-thiolvaline on hydrolysis, but it does 
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yield valine when hydrolysis is preceded by hydro- 
genolysis with Raney nickel (Abraham & Newton, 
1956). 

The discovery that cephalosporin C was a peni- 
cillin-like substance raised the question whether it 
would prove to be a competitive inhibitor of the 
enzyme penicillinase. Preliminary experiments, in 
which benzylpenicillin was estimated by anti- 
bacterial assay, showed that cephalosporin C could 
protect the penicillin from enzymic inactivation. 
The present paper gives the results of manometric 
experiments which were undertaken to obtain more 
precise information about this phenomenon and to 
compare the action of penicillinase on benzyl- 
penicillin and cephalosporin N. 


METHODS 


Materials. The benzylpenicillin used was a crystalline 
sodium salt (Glaxo Laboratories Ltd.). Phenoxymethyl- 
penicillin was obtained as the free acid from The Distillers 
Co. (Biochemicals) Ltd. and was converted into the sodium 
salt. The cephalosporin N was a sodium salt prepared by 
the method of Abraham et al. (1954), which was about 50% 
pure and did not contain more than 3 % of cephalosporin C. 
The molar concentrations of solutions of cephalosporin N 
used in manometric experiments were estimated from the 
total CO, evolved in the presence of NaHCO, and penicil- 
linase, assuming a molecular weight of 381 for the pure 
sodium salt (Newton & Abraham, 1954). Cephalosporin C 
was used as a crystalline sodium salt prepared by the method 
of Newton & Abraham (1956). The amorphous sodium salt 
of the benzoyl derivative of cephalosporin C was prepared 
as described by Abraham & Newton (1956). The preparation 
of synnematin B was a gift from Parke Davis and Co. The 
penicillinase, for which we are greatly indebted to Dr M. R. 
Pollock, was a highly purified preparation of the penicillin- 
induced enzyme from Bacillus cereus NRRL 569 (Kogut, 
Pollock & Tridgell, 1956). All dilutions of the stock enzyme 
solution were made in 0-3 % (w/v) aqueous gelatin (Harring- 
ton Brothers Ltd.). When diluted in the absence of gelatin 
the enzyme lost a variable amount of activity (cf. Pollock, 
Torriani & Tridgell, 1956). 

Reaction velocities. (a) Enzymic hydrolysis. The mano- 
metric method of Henry & Housewright (1947) and Pollock 
(1950) for measuring the activity of penicillinase was used 
for determining the velocities of enzymic reactions at 
pH 7-0. The main compartment of each Warburg vessel 
contained 1-6 ml. of enzyme solution and 0-5 ml. of 0-043 Mm- 
NaHCO,. The side bulb contained a solution of the substrate 
(1-63-8-7 pmoles), or a mixture of thesubstrate and inhibitor, 
in a mixture of 0-4 ml. of water and 0-1 ml. of 0-043M- 
NaHCoO,. The vessels were gassed with CO, + N, (5:95, v/v). 
The first readings were taken 3 min. after tipping the sub- 
strate into the enzyme, when a steady state appeared to 
have been reached. The majority of the measurements were 
made at 30°. In duplicate experiments with substrate 
alone the measured rates of evolution of CO, seldom 
differed by more than 1%. The concentration of enzyme was 
such that 8-7 umoles of benzylpenicillin were almost com- 
pletely hydrolysed in about 30 min. Under these conditions 
no hydrolysis of cephalosporin C could be detected. 
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(b) Alkaline hydrolysis. The non-enzymic inactivation of 
benzylpenicillin in alkaline solution was also studied. In 
this case the reaction was followed by measuring changes 
in optical rotation. Sodium benzylpenicillin has a strong 
positive rotation which is more than twice as great as that 
of the sodium salt of p-«-benzylpenicilloic acid (Mozingo & 
Folkers, 1949). A solution of sodium benzylpenicillin in 
water (7-1 mg./ml.; 0-02m) was added to an equal volume of 
0-032N-NaOH, the temperature of both solutions having 
previously been brought to that at which the reaction was to 
be carried out. Optical rotations were measured in a 1 dm. 
jacketed polarimeter tube at temperatures from 8° to 25°. 
The initial rotation (a) was +1-05°. A difficulty was 
encountered in the determination of the precise value to be 
assigned to the final rotation (z«.). A gradual downward 
drift in rotation continued after the primary bimolecular 
reaction should have virtually reached its end, presumably 
because D-a-benzylpenicilloic acid underwent slow muta- 
rotation in alkaline solution. An arbitrary value was there- 
fore assigned to «~ (0-48°) which represented the rotation 
when the reaction at 25° had proceeded for 90 min. and 
1 equiv. of alkali (determined by titration) had been con- 
sumed. The subsequent rate of change of rotation was less 
than 0-02°/hr. It was therefore reasonable to assume that 
the secondary reaction did not exert a significant influence on 
the measurements of the primary hydrolysis until the latter 
approached the end of its course. The concentration of 
product at time ¢ was assumed to be b(a —«;)/(% — aco), 
where 6 was the initial concentration of penicillin. 

In plotting results the best straight lines were fitted by the 
method of least squares. 


RESULTS 
Comparison of the hydrolysis of benzylpenicillin and 
cephalosporin N catalysed by penicillinase 

The results of a typical experiment showing the 
relative rates of hydrolysis at 30° of benzylpeni- 
cilln, phenoxymethylpenicillin and cephalosporin 
N in the presence of penicillinase from Bacillus 
cereus NRRL 569 are plotted in Fig. 1. In each case 
the rate of reaction was constant over most of its 
course. The reaction was therefore of pseudo zero 
order and the enzyme was apparently saturated with 
its substrate. There was no significant change in the 
reaction rate following a two- or four-fold reduction 
in the concentration of benzylpenicillin or cephalo- 
sporin N. This confirmed the finding of Manson, 
Pollock & Tridgell (1954) that the Michaelis constant 
of the benzylpenicillin—penicillinase system was too 
small to measure by the manometric technique. 

The values obtained for the relative rates of 
hydrolysis (V,,,,) of benzylpenicillin, phenoxy- 
methylpenicillin, cephalosporin N and synnematin 
B are shown in Table 1. The value of V,,. for 
phenoxymethylpenicillin was significantly greater 
than that for benzylpenicillin. The value of V,,. 
for cephalosporin N was not distinguishable from 
the corresponding value forsynnematin B. Cephalo- 
sporin C underwent no measurable hydrolysis under 
the conditions used. 
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The relative values of the Michaelis constants 
for the benzylpenicillin—penicillinase and cephalo- 
sporin N—penicillinase systems were estimated from 
the rates of hydrolysis of each substrate alone and 
of mixtures of the two. If each reaction is described 
by the conventional Michaelis equation, then 


k, ks 
E+S, = ES,>P,+E, (1) 
ky 
.. 2 
E+S, = ES,>P,+E, (2) 
kg 


where E represents the enzyme, 8, and S, the two 
substrates and P, and P, the two products. Suppose 
that the total amount of enzyme present is always E) 
and that each substrate is present in excess. The 
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Fig. 1. Rates of hydrolysis of different substrates, at 30°, 
in the presence of the same concentration of penicillinase. 
@, Benzyipenicilln (335mm); O, phenoxymethyl- 
penicillin (3-30 mm); 0, cephalosporin N, (3-30 mm); 
A, cephalosporin C (2-40 mm). 


Table 1. Relative values of V,,,, at 30° for the 
hydrolysis of different penicillins catalysed by 
penicillinase from Bacillus cereus NRRL 569. 


All values are relative to that for benzylpenicillin. The 
value for cephalosporin N is the mean of five determina- 
tions. Values for phenoxymethylpenicillin and synnematin 
B are the means of duplicate determinations. 


Substrate Be 
Benzylpenicillin 1-00 
Phenoxymethylpenicillin 1-25-+0-03 
Cephalosporin N 0-54+0-01 


Synnematin B 0-54+0-01 
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rates of reaction with substrates S, and §S, alone will 
be B 

Vy, max. = ks{ES,] = kg[E,], (3) 

Vo, max. = ks[ES_] = kg[ Ey]. (4) 
When the two substrates are present together, the 
total rate of reaction at a given time will be repre- 
sented by E ; : 

~ Vi, max. = Ks[ES,] + k3[ES,], (5) 

where [ES,] and [ES,] are the concentrations of the 
two enzyme-substrate complexes at the time con- 
cerned. Since both substrates are present in high 
concentration and are competing for the same 
enzyme 
‘ 0S, + ES,= E, (6) 
[ES,]/[ES,] _ [Sy] Ce 2/[So] i 1? (7) 
where the Michaelis constants, K,, ; and K,, 5, are 
equal to (k, +k 3)/k, and (kj + k3)/k, respectively. 


and 


Combination of equations (5), (6) and (7) gives 
(ks —k5) [Eo] 

1+ (Ky i[82]/Km, f51]) 

Combination of equations (3), (4) and (8) and 

rearrangement gives 


V,, max. — ksf Ko] + (8) 





» ! = l asians Pe fS2] 
V, max. Vo, max. V;, max, Va, max. Bie. lS;] ; 


(9) 
In the special case where [S,]=[S,], equation (9) 
reduces to an equation proposed by Whittaker & 
Adams (1949). 
A plot of 1/(V;, ome." Ee man.) against [S.]/[S,] 
should give a straight line with a slope 


Ky, 1/Ky, 2( 1 max. V 2, as 


and an intercept 


1/( 1, max. —t 2 max) 

In Fig. 2 the results of an experiment with benzyl- 
penicillin (S,) and cephalosporin N (S,) are plotted 
in this way. The rates of hydrolysis of benzyl- 
penicillin alone (3-35mm) and cephalosporin N 
alone (3-03 mm) and the initial rates of hydrolysis 
of mixtures of the two compounds in which the total 
concentration was between 3-03 and 3-35 mm were 
measured (in arbitrary units) in the presence of a 
standard solution of penicillinase. The slope of the 
line (Fig. 2) corresponded to a value of 1-0 + 0-05 for 
the quotient K,, o/K yn 1- 

The energies of activation (2) of the enzyme- 
catalysed hydrolysis of benzylpenicillin and of 
cephalosporin N at pH 7-0 were calculated from the 
values obtained for V,,,, at various temperatures 

25-35°) in the presence of a standard concentration 
of penicillinase. In Fig. 3, logy, V,,,, for each 
substrate has been plotted (in arbitrary units) 
against 1/7. According to the Arrhenius equation 
the slopes of the resulting straight lines are — E/ 
2-303R. The slopes obtained with benzylpenicillin 
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and cephalosporin N corresponded to energies of 
activation of 5-3+0-3 and 5-7+0-4 keal.mole-! 
respectively. 


Alkaline hydrolysis of benzylpenicillin 
The hydrolysis of benzylpenicillin in dilute 
sodium hydroxide solution, like that catalysed by 
penicilliase, leads to the formation of D-«-benzyl- 
penicilloic acid. The hydrolysis followed the course 
of a second-order reaction, since straight lines were 
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Fig. 2. Variation in the initial rate of enzymic hydrolysis 
(V,) of mixtures of benzylpenicillin (S,) and cephalo- 
sporin N (S,) with changes in the initial molar ratio of the 
substrates. Vo max, represents the rate of hydrolysis of 
cephalosporin N alone. 
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Fig. 3. Plot of the logarithm of velocity constants against 
the reciprocal of the absolute temperature. O, Enzymic 
hydrolysis of benzylpenicillin; @, enzymic hydrolysis of 
cephalosporin N; (, alkaline hydrolysis of benzyl- 
penicillin. The velocity constants of the reactions are in 


Logigk 


arbitrary units. 
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Fig. 4. Alkaline hydrolysis of benzylpenicillin, as measured 
by changes in optical rotation. 


obtained when logy) a(b—2x)/b(a—a) was plotted 
against time, a being the initial concentration of 
sodium hydroxide, 6 the initial concentration of 
benzylpenicillin and x the concentration of product 
at ¢ minutes (Fig. 4). Values of k,,,— at temperatures 
from 8° to 25° were obtained from the slopes of the 
lines, by using the expression 


i 2-303 1 a(b—2) 
, a SS 10 ome ft O 
on t(b—a) "ee b(a—2) 


At 25°, koy— was 5-01. mole“! min.-'. The plot of 
logy, Koy—- against 1/7’ is shown in Fig. 3, kp,,— being 
measured in arbitrary units. The slope of the line 
corresponds to an energy of activation of 


14-5+ 0-5 keal. mole}. 


Competitive inhibition of penicillinase 
by cephalosporin C 

In the presence of cephalosporin C the rate of the 
penicillinase-catalysed hydrolysis of benzylpeni- 
cillin was reduced, and the reaction in the presence 
of a high concentration of substrate was no longer of 
zero order over most of its course. Fig. 5 shows the 
rates of hydrolysis of different concentrations of 
benzylpenicillin (3-35—0-84 mm) in the presence of 
a single concentration of cephalosporin C (8-1 mm). 
Similar results were obtained when a different 
concentration of cephalosporin C (4-05 mM) was 
used, when benzylpenicillin was replaced by 
cephalosporin N, or when cephalosporin C was 
replaced by its benzoyl derivative. 

The results of different experiments have been 
brought together in Fig. 6, the expression of Hunter 
& Downs (1945) being used for the relationship 
between the substrate concentration [S], the in- 
hibitor concentration [I], and « (reaction velocity 
in the presence of inhibitor/reaction velocity in the 











632 


absence of inhibitor). The initial reaction velocities 
in the presence of inhibitor (Fig. 4) were used in 
calculating values of «. With benzylpenicillin and 
cephalosporin C the plot of [I]«/(1—«) against [S] 
gave a straight line whose slope corresponded to a 
value of 2-9 + 0-05 for K,/K,,, K; being the dissocia- 
tion constant of the enzyme-inhibitor complex and 
K,,, the Michaelis constant of the enzyme-substrate 
system. The intercept of the line corresponded to 
a value for K; which was too small to measure 
accurately, but which appeared to be less than 
3 x 10-4m. With cephalosporin N the corresponding 
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Fig. 5. Rates of hydrolysis in the presence of the same 
concentration of penicillinase of different mixtures of 
benzylpenicillm and cephalosporin C. ©, Benzyl- 
penicillin (335mm); x, benzylpenicillin (1-67 mm); 
@, benzylpenicillin (3-35 mm) plus cephalosporin C 
(8-1 mm); 1, benzylpenicillin (1-67 mm) plus cephalo- 
sporin C (8-1 mm); A, benzylpenicillin (0-84 mm) plus 
cephalosporin C (8-1 mm). 
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Fig. 6. Effect of cephalosporin C on the rate of hydrolysis of 
benzylpenicillin and cephalosporin N in the presence of 
penicillinase. The results are plotted in the manner 
suggested by Hunter & Downs (1945). ©, Benzyl- 

penicillin as substrate; @, cephalosporin N as substrate. 
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value for K,/K,, was not significantly different from 
that obtained with benzylpenicillin. 

In a single experiment with benzylpenicillin as 
substrate, the benzoyl derivative of cephalosporin 
C behaved as a more powerful inhibitor of peni- 
cillinase than cephalosporin C itself, the value of 
K;,/K,, being approximately 1-0. However, since 
the purity of the amorphous benzoyl derivative is 
uncertain, this value can only be regarded as 
provisional. 


DISCUSSION 


In the presence of penicillinase from B. cereus 
NRRL 569, benzylpenicillin, phenoxymethyipeni- 
cillin and cephalosporin N showed a similarity in 
behaviour which was consistent with the presence of 
the same f-lactam-thiazolidine ring system in all 
three compounds. The finding that the value of 
V,ax. for cephalosporin N was indistinguishable 
from that for synnematin B gave support to earlier 
evidence that these two compounds are identical 
(Abraham et al. 1955). Phenoxymethylpenicillin is 
considerably more stable than other penicillins in 
dilute acid (Brandl & Margreiter, 1954), and in this 
property it shows some resemblance to cephalo- 
sporin C. In the presence of penicillinase, however, 
phenoxymethylpenicillin and cephalosporin C be- 
haved quite differently, the former being inactivated 
1-25 times as fast as benzylpenicillin under condi- 
tions which brought about no measurable hydrolysis 
of the latter. Behrens & Kingkade (1948) had 
previously reported that phenoxymethylpenicillin 
was destroyed 1-4 times as rapidly as _ benzyl- 
penicillin by a preparation of penicillinase whose 
origin was unspecified. 

In spite of the striking difference between 
benzylpenicillin and cephalosporin N in physical 
and antibacterial properties, the values of V,,,, 
for the penicillinase-catalysed hydrolysis of these 
compounds differed by less than a factor or two, and 
the corresponding values for the energies of activa- 
tion and the Michaelis constants were very similar. 
The energies of activation (about 5-5 kcal. mole") 
were lower than those for many enzymic reactions 
(see Stearn, 1949; Huennekens, 1953), a fact which 
was not surprising since the turnover number of the 
penicillinase is one of the highest among known 
enzymes (Kogut et al. 1956). 

The rate of the non-enzymic inactivation of 
benzylpenicillin was measured by Brodersen (1947) 
at different temperatures in glycine-sodium hydr- 
oxide buffer (pH 9-57 at 20°). With the use of data 
for the change in the dissociation constant of 
glycine with temperature the velocity constants for 
the first-order reaction were calculated at a constant 
hydrogen-ion concentration. Under these condi- 
tions a value of 22-7 keal. was obtained for the 
energy of activation. The corresponding value at a 
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constant hydroxyl-ion concentration, obtained by 
subtraction of the heat of ionization of water from 
22-7 keal., was about 9-8 kcal. The latter value is 
smaller than that obtained in the present work for 
the energy of activation (14-5 kcal.) of the reaction 
in dilute sodium hydroxide. The reason for the 
difference is uncertain. However, it seems clear 
that the energy of activation of the hydrolysis 
catalysed by hydroxy] ions is considerably greater 
than that of the hydrolysis catalysed by penicil- 
linase. A difference of this kind is often found when 
enzymic reactions are compared with the corre- 
sponding chemical ones. 

In the transition-state theory (Eyring, 1935) the 
concept of energy of activation (HZ) is replaced by 
one of free energy of activation (AF t) which may be 
divided into terms containing the heat of activation 
(AH{=H—RT) and entropy of activation (AS{). 
An enzymic reaction may be assumed to involve a 
transition state of the enzyme-substrate complex 
(ES*). At high concentrations of substrate the 
velocity constant of the reaction (k) is given by the 
equation (Laidler & Hoare, 1950) 


k,=(kT'/h) exp— AHt/RT exp ASt/R, 


in which k is the Boltzmann constant, h is Planck’s 
constant, and AHt and ASj are the heat and en- 
tropy of activation respectively for the process 
ES = ES* > P. At 30° the value of KT /h is 6-3 x 101 
sec.—!. Substitution in this equation of the value 
found by Kogut et al. (1956) for the molecular 
activity of the penicillinase at pH 7 and 30° with 
benzylpenicillin as substrate (2-47 x 10? molecules 
of substrate hydrolysed/sec./mol. of enzyme), and of 
4-7 kcal. mole! for AH }, gives a value of — 27-3 cal. 
mole degree—! for the entropy of activation. For 
cephalosporin N the corresponding data (molecular 
activity, 1-44 108; AHt, 5-1) yield a value of 
— 27-4 cal.mole-degree“! for the entropy of 
activation. Hence the difference in V,,,, for the 
two reactions would be largely accounted for by the 
difference in the estimated values of AHt, with 
very little change in the values of AS{t. However, 
since the differences in the values obtained for AH ¢ 
and ASt{ are too small for the experimental error to 
be negligible, the data do not allow an accurate 
estimation of the relative contributions of changes in 
AH? and AS¢ to the change in V,,,. . 

A negative entropy of activation has frequently 
been found for enzymic reactions in the presence of 
high concentrations of substrate. In contrast, with 
low concentrations of substrate AS{ tends to be 
positive, a fact which has been attributed to an 
unfolding of the enzyme molecule during its initial 
combination with the substrate (Casey & Laidler, 
1950). 

Cephalosporin C behaved as a competitive in- 
hibitor of the hydrolysis of benzylpenicillin and 
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cephalosporin N catalysed by penicillinase. On the 
assumption that k,>k, with each substrate 
(equation 1), the values found for K,/K,, , and 
K;/K.,,, . (about 2-9 in each case) represent the ratios 
of the dissociation constant of the enzyme—inhibitor 
complex to the dissociation constants of the com- 
plexes formed by the enzyme with benzylpenicillin 
and cephalosporin N respectively. The quotient 
(Kj/ Km, D/(Ki/Km, 2) gave a value for Km, 2/Km, 1 
(about 1-0) which was in good agreement with the 
value calculated from the rates of hydrolysis of 
different mixtures of the two substrates in the 
absence of the inhibitor. This result indicates that 
the side chain of the penicillin molecule plays little 
part in the formation of the initial enzyme-substrate 
complex. Since the absolute value of K; appeared to 
be less than 3x 10-4, K,,, should be less than 
10-*m. This is consistent with the finding of Manson 
et al. (1954) that the Michaelis constant of the 
benzylpenicillin—penicillinase system is approxi- 
mately 0-6 x 10-4m with the induced enzyme from 
B. cereus 569. 

The finding that cephalosporin C is acompetitive 
inhibitor of penicillinase lends support to the earlier 
chemical evidence that it is a penicillin-like com- 
pound, though not a true penicillin. Whether the 
antibacterial properties of cephalosporin C, cephalo- 
sporin N and benzylpenicillin depend on a reaction 
involving the same cell receptors is uncertain, but 
the specific activities of these three compounds 
against a number of Gram-negative organisms, like 
their affinities for penicillinase, are of the same 
order, whereas the activity of benzylpenicillin 
against many Gram-positive organisms is very much 
greater than that of cephalosporin N or cephalo- 
sporin C (Newton & Abraham, 1954, 1955). It is 
possible that permeability or active transport 
plays a part in determining the relative toxicity of 
these compounds to bacterial cells. 


SUMMARY 


1. The relative rates of hydrolysis of high con- 
centrations of different penicillins in the presence of 
penicillinase from B. cereus NRRL 569 have been 
measured manometrically at pH 7 and 30°. Phen- 
oxymethylpenicillin was hydrolysed 1-25 times as 
fast, and cephalosporin N 0-54 times as fast, as 
benzylpenicillin. Cephalosporin C underwent no 
hydrolysis under the conditions used. 

2. The energies of activation of the enzyme- 
catalysed hydrolysis of benzylpenicillin and cephalo- 
sporin N in high concentration were found to be 
5-3 and 5-7 keal. mole respectively, and the calcu- 
lated entropies of activation were negative. A value 
of 14-5 keal.mole-! was obtained for the non- 
enzymic hydrolysis in dilute sodium hydroxide. 

3. Cephalosporin C behaved as a competitive 
inhibitor of the activity of penicillinase. With both 
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benzylpenicillin and cephalosporin N, K;/K,, was 
about 2-9. The quotient (Michaelis constant for 
cephalosporin N/Michaelis constant for benzyl- 
penicillin) was therefore close to 1-0. A similar 
value for this quotient was deduced from the total 
rate of hydrolysis of mixtures of the two substrates. 


We are indebted to Miss M. Read for expert technical 
assistance, and to Dr G. R. Williams for kindly reading the 
manuscript. 
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A major route of the metabolism of many aro- 
matic ethers involves cleavage to yield phenolic 
metabolites. For example, p-nitrophenyl ethers 
(Huggins, Jensen & Cleveland, 1948), phenacetin 
and p-phenetidine (Brodie & Axelrod, 1949; Smith 
& Williams. 1949), (Adler & Latham, 
1950) and a variety of nuclear-substituted anisoles 
(Bray, Craddock & Thorpe, 1955) are converted 
into their corresponding phenols in the body. 
Although much information is now available con- 
cerning the metabolism in vivo of aromatic ethers, 


codeine 


little is known about the cellular mechanism in- 
volved in their metabolism. 

A previous study has shown that codeine is con- 
verted into morphine by an enzyme system local- 
ized in the microsomes of the liver (Axelrod, 1955c). 
The present investigation is concerned with further 
studies on the intracellular processes involved in the 
enzymic cleavage of aromatic ethers. It will be 
shown that into 
phenols and aldehydes by enzyme systems, local- 


aromatic ethers are converted 


ized in microsomes of the liver, which require both 


reduced triphosphopyridine nucleotide and oxygen. 
Evidence for the presence of more than one ether- 
cleaving enzyme will be presented. The relationship 
between the structures of ethers and their rate of 
enzymic cleavage will also be described. 


MATERIALS AND METHODS 


Materials. Triphosphopyridine nucleotide (TPN*) of 
80% purity, diphosphopyridine nucleotide (DPN*) and 
glucose 6-phosphate dehydrogenase were obtained from the 
Sigma Chemical Co. Reduced triphosphopyridine nucleo- 
tide (TPNH) was prepared by the procedure of Kaplan, 
Colowick & Neufeld (1952). Methyl and ethyl ethers were 
obtained from the Eastman Chemical Co. 

Analytical methods. p-Acetamidophenol was hydrolysed 
to p-aminophenol by heating the biological material in 
n-HCl. p-Aminophenol was extracted into peroxide-free 
diethyl ether at pH 7, and then returned to 0-1N-HCl. The 
compound was then determined by coupling with phenol in 
the presence of sodium hypobromite to form an indophenol 
dye (Brodie & Axelrod, 1948). 

p-Ethoxy- and p-methoxy-acetanilide were hydrolysed 
to the corresponding amino compounds by heating the 
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biological material in N-HCl. p-Ethoxy- and p-methoxy- 
aniline were extracted into benzene at pH 13, and then 
returned to 0-1N-HCl. The compounds were determined by 
diazotization and coupling with «-naphthol (Brodie & 
Axelrod, 1949). 

Formaldehyde was distilled from trichloroacetic acid 
extracts (Axelrod, 19556) and determined by the chromo- 
tropic acid procedure of MacFayden (1945). Acetaldehyde 
was determined by the procedure of Stotz (1943). 

Fractionation of tissue homogenates. The preparation of all 
tissue samples was carried out at 0-3°. Young adult male 
animals were stunned and exsanguinated. The liver was 
immediately removed and homogenized with 2 vol. of 
0-05M potassium phosphate buffer, pH 7-3, with a Potter— 
Elvehjem type of homogenizer. The homogenate was 
centrifuged at 9000 g for 15 min. to remove unbroken cells, 
nuclei and mitochondria. The supernatant phase, consisting 
of the microsomes plus the soluble fraction, could be stored 
for at least 7 days at —10° without appreciable loss of 
activity. 

Nuclei, mitochondria and microsomes were prepared by 
differentially centrifuging a 12% homogenate in isotonic 
sucrose (Schneider, 1948). The particulate fractions were 
washed twice with isotonic KCl and resuspended in 0-05 
phosphate buffer to a concentration 3 times that of the 
original homogenate. The soluble fraction was prepared by 
centrifuging a 12% homogenate in isotonic KCl at 78000 g 
for 30 min. and dialysed against 0-01m phosphate buffer, 
pH 7-4, for 20 hr. 

Measurement of enzyme activity. When p-ethoxy- or p- 
methoxy-acetanilide was used as a substrate, enzyme 
activity was measured as follows. Tissue fractions obtained 
from 200 mg. of liver, 2moles of substrate, 50 umoles of 
nicotinamide, 25umoles of MgCl,, 0-2umole of TPN*, 
0:5 ml. of 0-2m phosphate buffer, pH 7-4, and water to 
make a final vol. of 5 ml., were placed in a 20 ml. beaker. 
The mixture was incubated in a Dubnoff shaker for 1 hr. at 
37° in air. At the end of the incubation period, a 4 ml. 
sample of the reaction mixture was transferred to a 15 ml. 
test tube containing 0-8 ml. of 12N-HCl and assayed for 
p-acetamidophenol. Enzyme activity was expressed as 
pmoles of p-acetamidophenol formed/hr. These values were 
corrected for a small blank formed when p-ethoxyacet- 
anilide was incubated without tissue. The enzymic cleavage 
of other methoxy ethers was determined by estimating the 
amount of formaldehyde formed in the reaction. The 
formaldehyde generated was trapped with semicarbazide. 
The enzymic conversion of codeine into morphine was 
measured by a procedure described previously (Axelrod, 
1955c). 


RESULTS 


Enzymic cleavage of p-ethoxyacetanilide 
to p-acetamidophenol 


Tissue distribution of enzyme activity. p-Ethoxy- 
acetanilide (2 wzmoles) was incubated with 200 mg. 
of minced rabbit liver, kidney, diaphragm, spleen or 
brain under conditions described in the Methods 
section. The liver metabolized 0-8 mole of p- 
ethoxyacetanilide to p-acetamidophenol in 1 hr., 
while other tissues failed to metabolize the com- 


pound. 
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Requirements and properties of the enzyme system. 
Since the combined microsomal plus _ soluble 
fraction of rabbit liver could convert p-ethoxy- 
acetanilide into p-acetamidophenol almost as 
effectively as the whole homogenate, the properties 
of the enzyme system were studied in the former 
fraction. Maximal enzyme activity was obtained in 
the presence of TPN*, MgCl,, nicotinamide and 
oxygen (Table 1). DPN* could not replace TPN”. 
With phosphate buffers, the optimum pH for 
enzyme activity was at 7-4. 

The rate of enzymic conversion of p-ethoxy- 
acetanilide into p-acetamidophenol is shown in 
Fig. 1. The initial rate of metabolism was calculated 
to be about 0-07ymole of p-ethoxyacetanilide 
cleaved/min./g. of liver. No further metabolism of 
the compound occurred after 220 min. The relation- 
ship between substrate concentration and rate of 
metabolism is shown in Fig. 2. At substrate con- 
centrations of 2-4ymoles or above, the rate of 
metabolism followed zero-order reaction kinetics. 


Table 1. Requirements of the enzyme system 


Microsome plus dialysed soluble fraction, obtained from 
200 mg. of rabbit liver, were incubated for 1 hr. at 37° with 
2umoles of p-ethoxyacetanilide, 0-24mole of TPN*, 
50 umoles of nicotinamide, 25 umoles of MgCl,, 0-5 ml. of 
0-2m phosphate buffer, pH 7-4; final vol., 5 ml. 


p-Acetamidophenol 


formed 

Conditions (umoles) 
Complete system 0-84 
TPN*+ omitted 0-22 
MgCl, omitted 0-80 
Nicotinamide omitted 0-50 
Oxygen omitted 0-04 
DPN* substituted for TPN* 0-28 
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Fig. 1. Rate of enzymic cleavage of p-ethoxyacetanilide. 
Eight beakers, each containing microsome plus soluble 
fraction obtained from 200 mg. of rabbit liver, were 
incubated at 37° with 2umoles of p-ethoxyacetanilide 
and cofactors as described under Methods. 
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Intracellular localization of enzyme activity. 
Rabbit liver was separated into nuclear, mito- 
chondrial, microsomal and soluble fractions by 
differential centrifuging and each fraction was 
examined for its ability to cleave p-ethoxyacet- 
anilide. Negligible enzyme activity was observed in 
each cellular fraction alone, but when the micro- 
somal and soluble fractions were combined the 
activity was almost as great as in the whole homo- 
genate (Table 2). From these observations, it was 
concluded that factors present in both the micro- 
somes and the soluble fraction were necessary for 
the conversion of p-ethoxyacetanilide into p- 
acetamidophenol. 


07 
0-6 
05 
0-4 
03 
02 
01 


p-Acetamidophenol formed (jzmoles) 


1-0 2:0 30 40 5-0 
p-Ethoxyacetanilide added (zmoles) 


Fig. 2. Relationship between substrate concentration and 
rate of enzymic cleavage of p-ethoxyacetanilide. Six 
beakers, each containing microsome plus soluble fraction 
obtained from 200 mg. of rabbit liver, were incubated 
for 1 hr. at 37° with varying amounts of p-ethoxyacet- 
anilide and cofactors, as described under Methods. 


Table 2. Intracellular localization 
of the enzyme system 


Intracellular fractions were prepared by differential 
centrifuging. Samples of the various fractions, equivalent 
to those contained in 200 mg. of rabbit liver, were incubated 
for L hr. at 37° with 2umoles of p-ethoxyacetanilide and 
cofactors as described under Methods. 


p-Acetamidophenol 


formed 

Intracellular fraction (umoles) 
Whole homogenate 1-3 
Nuclei* 0-1 
Mitochondria 0-0 
Microsomes 0-0 
Soluble fraction 0-0 
Nuclei* + soluble fraction 0-2 
Mitochondria + soluble fraction O-1 
Microsomes + soluble fraction 1-1 


* This fraction contained unbroken cells and erythro- 
cytes as well as nuclei. 
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In previous studies on the metabolism of amphet- 
amine in vitro (Axelrod, 1954a, 1955a), it was 
shown that the deamination of this compound was 
mediated by an enzyme system in the microsomes 
which required the presence of TPNH. The require- 
ment of the microsomal plus soluble fraction for 
TPN* suggested that the ether-cleaving enzyme 
may also require TPNH. The TPN*-dependent 
dehydrogenases in the soluble fraction could serve 
to generate the reduced cofactor. When a TPNH- 
generating enzyme system consisting of glucose 
6-phosphate, glucose 6-phosphate dehydrogenase 
and TPN* was added to the microsomes (Table 3) 
these cofactors were found to be about half as 
effective as the soluble fraction. Similar results 
were obtained when chemically prepared TPNH 
was substituted for the TPNH-generating enzyme 
system. These observations suggested that the 
cleavage of p-ethoxyacetanilide was catalysed by 
enzyme systems in the microsomes which require 
TPNH as well as other cofactors present in 
the soluble fraction. No further stimulation of en- 
zyme activity in the microsomes was observed 
when adenosine triphosphate, ascorbic acid, 
fumarate or glutathione was added along with 
TPNH. 

Identification of reaction products. p-Acetamidophenol, 
formed in the enzymic cleavage of p-ethoxyacetanilide, was 
identified as follows. Microsomes and soluble fraction, 
obtained from 30 g. of rabbit liver, were incubated with 
150umoles of p-ethoxyacetanilide, 10nmoles of TPN’, 
250 wmoles of nicotinamide, 125 pmoles of MgCl, and 10 ml. 
of 0-2m phosphate buffer, pH 7-4; total vol., 200 ml. The 
enzyme reaction was stopped by the addition of 0-1 vol. of 
40% trichloroacetic acid. After centrifuging, the super- 
natant solution was saturated with NaCl and adjusted to 
pH 7-0 with solid K,HPO,; the p-acetamidophenol was 
extracted into 5 vol. of diethyl ether. p-Acetamidophenol 
was then returned to a small volume of 0-5N-NaOH. Any 


Table 3. Requirement for TPNH 


Microsomes obtained from 200mg. of rabbit liver, 
2umoles of p-ethoxyacetanilide, 25ymoles of MgCl, 
50yumoles of nicotinamide, 0-5 ml. of 0-2m phosphate 
buffer, pH 7-4, added cofactors and water to make a final 
vol. of 6 ml., were incubated at 37° for 1 hr. 


p-Acetamidophenol 


formed 
Cofactors added (umoles) 
TPN+, 2 moles 0-00 
TPN*, 0-5 umole; glucose 6-phosphate, 0-40 
20 umoles; and 1 mg. of glucose 
6-phosphate dehydrogenase 
TPNH, 2 pmoles* 0-44 
TPN*, 0-1 umole and soluble fraction 0-76 


from 200 mg. of rabbit liver 
* This cofactor was added in five portions over a period 
of 50 min., since TPNH disappeared rapidly even in the 
absence of substrate. 
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Table 4. Balance study on the enzymic cleavage of p-methoxyacetanilide and p-ethoxyacetanilide 


Microsomes and soluble fraction, obtained from 1 g. of rabbit liver, were incubated at 37° for 1 hr. with 6 wmoles of 
substrate, 1 wymole of TPN*, 25umoles of MgCl,, 50 moles of nicotinamide, 200 umoles of neutralized semicarbazide 
hydrochloride, 2 ml. of 0-2m phosphate buffer, pH 7-4; final vol., 12 ml. 


Substrate 
metabolized 
Substrate (umoles) 
p-Methoxyacetanilide 3-7 
p-Methoxyacetanilide 4-2 
p-Ethoxyacetanilide 3-2 
p-Ethoxyacetanilide 2-7 


residual p-ethoxyacetanilide was removed by shaking the 
alkaline extract with ether. The alkaline extract was then 
saturated with NaCl and adjusted to pH 7-0; the p-acet- 
amidophenol was re-extracted into ether. The p-acetamido- 
phenol in the ether extract was subjected to an eight- 
transfer Craig countercurrent distribution, with 1 vol. of 
m phosphate buffer, pH 6-0, and 2 vol. of ether as the solvent 
pair. The resulting distribution curve for the enzymically 
formed p-acetamidophenol was the same as that calculated 
for the authentic compound from the experimentally 
established partition ratio of the latter. The ultraviolet- 
absorption curve of the isolated p-acetamidophenol was also 
the same as that of the authentic compound. Further 
evidence for the identity of p-acetamidophenol was obtained 
by ascending paper chromatography with benzene-acetic 
acid—water (40:40:20, by vol.) as the solvent system (Bray, 
Clowes & Thorpe, 1952). The compound was detected by 
spraying with diazotized p-nitroaniline and Na,CO, 
solution. Both the apparent and authentic p-acetamido- 
phenol had the same R, value (0-22). 

A balance study of the reaction products formed 
in the enzymic cleavage of p-ethoxyacetanilide and 
p-methoxyacetanilide is shown in Table 4. Approxi- 
mately 1 mole of p-acetamidophenol was formed for 
each mole of substrate metabolized. In addition, 
about 1 mole of the corresponding aldehyde was 
generated for each mole of p-acetamidophenol 
formed. 

Enzyme activity in various species. The ability of 
the liver of a number of mammalian species to 
cleave p-ethoxyacetanilide was examined. All 
species showed considerable enzyme activity when 
a combined microsomal and soluble fraction of the 
liver was used. However, the whole liver homo- 
genate of guinea pig, rat, mouse and dog showed 
little enzyme activity, and the whole rabbit-liver 
homogenate was as effective as the combined 
microsomal and soluble fraction (Table 5). These 
observations suggested the presence of inhibitors in 
the nuclei or the mitochondria, or both, of guinea 
pig, rat, mouse and dog liver. In order to investigate 
this possibility, the enzyme activity of guinea-pig 
microsomes plus soluble fraction was examined 
after the addition of nuclei or mitochondria. A 
marked depression in activity was observed in the 
presence of both (Table 6). The addition of rabbit 


p-Acetamido- Formaldehyde Acetaldehyde 
phenol formed formed formed 
(nmoles) (umoles) (umoles) 
3-7 3-5 _— 
3-9 3-8 — 
3-3 —- 3-2 
2-2 _- 2-3 


Table 5. Species differences in the enzymic 
cleavage of p-eu. oxyacetanilide 
Whole homogenate or microsomes plus soluble fraction, 
obtained from 200 mg. of liver, were incubated at 37° for 
lhr. with 2umoles of p-ethoxyacetanilide and cofactors 
as described under Methods. 


p-Acetamidophenol formed by 





Whole Microsomes plus 
homogenate soluble fraction 
(umoles) (umoles) 

Rabbit 0-80 0-80 
Guinea pig 0-18 0-84 
Rat 0-10 0-36 
Mouse 0-14 0-34 
Dog 0-04 0-20 





nuclei or mitochondria had no inhibitory action on 
the guinea-pig microsomal preparation, and guinea- 
pig nuclei or mitochondria depressed the activity 
in a rabbit-liver microsomal preparation. Similar 
inhibitory effects were observed with mouse, dog 
and rat nuclei or mitochondria. When the nuclei or 
mitochondria of the guinea pig were heated at 100° 
for 2 min. before addition to the combined micro- 
somal and soluble fractions, no inhibition of activity 
was found. These observations suggested the 
presence in the nuclei and mitochondria of the 
guinea pig, mouse, rat and dog livers of heat-labile 
factors which inhibit the enzymic cleavage of p- 
ethoxyacetanilide. 


Yvidence for two ether-cleaving enzymes 


Marked species differences were observed in the 
enzymic cleavage of p-ethoxyacetanilide and 
codeine by rabbit and guinea-pig microsomal pre- 
parations. Although both preparations metabolized 
p-ethoxyacetanilide equally well, the guinea-pig 
preparation converted codeine into morphine at 
about one-tenth of the rate of that from the rabbit 
liver (Table 7). These results suggested the presence 
of more than one ether-cleaving enzyme, and 
further evidence was obtained from inhibition 
studies. 8-Diethylaminoethyl diphenylpropyl- 
acetate (SKF 525 A) (10-4m) markedly inhibited the 
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Table 6. Intracellular inhibitors in the enzymic cleavage of p-ethoxyacetanilide 


Intracellular fractions were prepared from liver by differential centrifuging. Various fractions, equivalent to those 
contained in 200 mg. of liver, were incubated at 37° for 1 hr. with 2moles of p-ethoxyacetanilide and cofactors as 


described under Methods. 


Intracellular fraction 


Whole homogenate 
Microsomes + soluble fraction 
Microsomes + soluble fraction + nuclei 


Microsomes + soluble fraction + heated nuclei* 
Microsomes + soluble fraction + mitochondria 
Microsomes + soluble fraction + heated mitochondria* 
Rabbit microsomes + soluble fraction + guinea-pig nuclei 
Guinea-pig microsomes + soluble fraction +rabbit nuclei 


p-Acetamidophenol formed 





f. 7” 
Guinea-pig liver Rabbit liver 


(umoles) (umoles) 
0-16 1-30 
1-14 1-26 
0-28 1-26 
1-16 _ 
0-70 1-36 
1-16 _ 

_— 0-52 
1-30 _— 


* Preheated for 2 min. in a boiling-water bath. 


Table 7. Comparison of ether-cleaving enzymes 


Intracellular fractions, obtained from 200 mg. of liver, were incubated at 37° for 1 hr. with 1ymole of codeine or 


p-ethoxyacetanilide and cofactors as described under Methods. SKF 525A = £-diethylaminoethyl diphenylpropylacetate. 


Fractions and additions 


Rabbit microsomes + soluble fraction 
Guinea-pig microsomes + soluble fraction 


Rabbit microsomes + soluble fraction + 1 umole of SKF 525A 

Rabbit microsomes + soluble fraction + 1 pmole of — 

20 umoles of codeine 

Rabbit microsomes + soluble fraction + 1 pmole of —_ 
p-ethoxyacetanilide + 20 wmoles of p-methoxybenzylamine 


p-ethoxyacetanilide + 


Rabbit microsomes +3 wmoles of TPNH 


Morphine _p-Acetamido- 
formed phenol formed 
(umole) (umole) 

0-50 0-80 
0-04 0-84 
0-10 0-74 
0-80 
0-08 
0-75 0-42 





Table 8. Substrate specificity 
Microsomes plus soluble fraction, obtained from 200 mg. 
of rabbit liver, were incubated at 37° for 1 hr. with 2 wmoles 
of substrate, 100umoles of neutralized semicarbazide 
hydrochloride, and cofactors as described under Methods. 
When methyl ethers were used as substrates, the reaction 
mixture was analysed for formaldehyde formed. 


Relative 
activity 

Substrate %) 
p-Ethoxyacetanilide 100 
p-Methoxyacetanilide 100 
o-Methoxyacetanilide 14 
p-Methoxybenzoic acid 56 
m-Methoxybenzoic acid 22 
o-Methoxybenzoic acid 3 
p-Methoxy benzonitrile 200 
p-Methoxybenzaldehyde 155 
p-Methoxybenzy] alcohol 130 
p-Methoxybenzylamine 50 
p-Methoxypropenylbenzene 33 
p-Ethoxyaniline 11 
p-Methoxy benzene 6 
3-Methoxypropylamine 0 
Methoxyacetic acid 0 
1:2-Dimethoxyethane 0 
Codeine 50 
Papaverine 42 
Quinine 22 
Colchicine 17 
Mescaline 13 


Atebrin 0 


cleavage of codeine by rabbit-liver microsomal pre- 
parations, but had only a slight effect on the meta- 
bolism of p-ethoxyacetanilide. Furthermore, the 
addition of a 20-fold excess of codeine had no effect 
on the metabolism of p-ethoxyacetanilide, whereas 
p-methoxybenzylamine markedly inhibited the 
cleavage. In addition, TPNH was more effective 
than the soluble fraction plus TPN* in the con- 
version of codeine into morphine by rabbit-liver 
microsomes, and the reduced cofactor was only half 
as effective when p-ethoxyacetanilide was used as 
the substrate. 


Substrate specificity 


The ability of the microsomal preparation to 
cleave a variety of methyl ethers was examined. 
From the results shown in Table 8 it appeared that 
aromatic ethers were extensively cleaved, and 
aliphatic ethers were not. The nature and position of 
the substituent on the aromatic nucleus exerted 
considerable influence on the rate of enzymic 
cleavage. The microsomal preparation also cleaved 
a number of methoxy-substituted drugs and 
naturally occurring compounds. In the absence of 
TPN* and nicotinamide there was a marked 
reduction in metabolism of all of the substrates 
examined. 
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DISCUSSION 


This investigation has shown that p-ethoxyacet- 
anilide and other aromatic ethers are cleaved into 
their corresponding phenols and aldehydes by en- 
zyme systems localized in the microsomes of the liver. 
The microsomal-enzyme preparation is unusual in 
that it requires both triphosphopyridine nucleotide 
and oxygen. The role of TPNH in an oxidative 
reaction is difficult to explain. This cofactor may 
serve to generate hydrogen peroxide through the 
transfer of its hydrogen, by means of an inter- 
mediate electron-transport system, to molecular 
oxygen. However, it was found that hydrogen 
peroxide generated from D-amino acid oxidase 
could not replace TPNH. The fact that TPNH 
could not completely replace the soluble fraction 
plus oxidized TPN” suggests the need for additional 
cofactors. 

A microsomal-enzyme system requiring TPNH 
and oxygen was first described for the deamination 
of amphetamine (Axelrod, 1954a, 1955a). It has 
been found subsequently that a wide variety of 
drugs and foreign organic compounds are meta- 
bolized by TPNH-dependent enzymes localized in 
the microsomes. Metabolic transformations cata- 
lysed by these enzyme systems include demethyla- 
tion of sympathomimetic amines (Axelrod, 19546, 
19556), aminopyrine and other alkylamines (La Du, 
Gaudette, Trousof & Brodie, 1955) and narcotic 
drugs (Axelrod, 1955d), hydroxylation of aromatic 
compounds (Mitoma & Udenfriend, 1955), side- 
chain oxidation of barbiturates (Cooper & Brodie, 
1955), and the cleavage of ethers, described in this 
paper. In the case of ether cleavage, it appears that 
more than one enzyme system is involved. 

It would seem unlikely that the microsomal- 
enzyme systems dependent on TPNH serve only to 
detoxify drugs and foreign organic compounds. 
Although the nature of their normal substrates 
remains to be elucidated, the enzymes are probably 
engaged in carrying out normal metabolic functions. 
The relative non-specificity of the substrates 
attacked by the microsomal enzymes would suggest 
that they could act as ‘scavenger’ enzymes and 
perform normal metabolic roles as well. 

A definite relationship between the type of 
substitution on the nucleus of aromatic ethers and 
the rate of enzymic cleavage was found. The rate of 
metabolism of p-methoxyphenyl] ethers decreased 
with the following sequence of substitutions: 
-CN, -CHO, -CH,.OH, -NH.CO.CH;, —CO,H, 
-CH,.NH,, -CH:CH.CH;,-NH,,—H. No enzymic 
cleavage occurred with any of the aliphatic ethers 
examined. The position of substitution on the 
aromatic nucleus also had a decided influence on the 
rate of metabolism. For example, para-substituted 
ethers were cleaved more readily than the corre- 
sponding meta or ortho derivatives. 
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Heat-labile factors, which depressed the enzymic 
cleavage of aromatic ethers, were found to be 
present in liver nuclei and mitochondria of the 
guinea pig, rat, mouse and dog. On the other hand, 
these inhibitory factors were absent from rabbit-liver 
nuclei and mitochondria. The presence of TPN- 
ases may account for the inhibitory action of 
nuclei and mitochondria in some species. However, 
the addition of a 20-fold excess of TPN* did not 
suppress the inhibitory effects of guinea-pig nuclei 
or mitochondria on the enzymic cleavage of ethers. 
The nature of the inhibitory factors is under further 
investigation. 

SUMMARY 

1. Enzymesystemsare described which can cleave 
aromatic ethers to yield phenols and aldehydes. 

2. The enzyme systems are located in the liver 
microsomes of a number of mammalian species and 
they require reduced triphosphopyridine nucleo- 
tide, oxygen and other cofactors. 

3. Heat-labile factors which inhibit the enzymic 
cleavage of ethers have been shown to be present in 
liver nuclei and mitochondria of guinea pig, mouse, 
rat and dog, but not in the rabbit. 

4. Evidence is given for the presence of more than 
one ether-cleaving enzyme. 

5. Ethers substituted in the para position are 
cleaved more readily than the corresponding meta- 
or ortho-substituted compounds. 

6. The rate of metabolism decreases with the 
following sequence of substitution on the p- 
methoxyphenyl nucleus: -CN, -CHO, —CH,.OH, 
-NH.CO.CH;, —-CO,H, -CH,.NH,, -CH:CH.CH,, 
-NH,, —-H. 
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At least three contributory factors determine the 
development of carcinoma of the mammary gland 
of the mouse: (1) a genetic susceptibility; (2) a 
hormonal stimulation normally induced by fertiliza- 
tion; (3) a ‘milk factor’ transmitted to the offspring 
via the mother (see Dmochowski, 1953; Greenstein, 
1954). It seems possible that this agent is carried 
into the milk in association with lipoprotein particles 
called ‘milk microsomes’ (Morton, 1953, 1954). 
However, little is yet known of the naturé of the 
milk factor or of the mechanism by which it so 
greatly accelerates tumour development in genetic- 
ally susceptible, non-virgin mice. The work de- 
scribed here is part of a general programme to 
determine the enzymic changes which may accom- 
pany tumour development in the mammary gland, 
with the principal aim of finding the locus of action 
of the milk factor. 

Kornberg (1950) demonstrated the synthesis of 
diphosphopyridine nucleotide (DPN) from adeno- 
sine triphosphate (ATP) and nicotinamide mono- 
nucleotide (NMN) according to the reaction: 

ATP+NMN = DPN+PP,, 

where PP, represents inorganic pyrophosphate. In 
mouse liver, the enzyme which catalyses this 
reaction (DPN pyrophosphorylase) is localized in 
the nucleus (Hogeboom & Schneider, 1952). Upon 
DPN (and the derived triphosphopyridine nucleo- 
tide, TPN) depend many cytoplasmic dehydro- 
genases (see Racker, 1955, for a tabulation). The 
aerobic generation of ATP in animal tissues is 
largely from oxidation of reduced DPN and reduced 
TPN (Hunter, 1951; Lehninger, 1951). Hence many 
synthetic reactions (including protein synthesis), 
which directly or indirectly utilize ATP, are ulti- 
mately DPN-dependent. The rate of supply of 
products derived from an enzyme system localized 
in the nucleus may thus markedly influence cyto- 
plasmic reactions; disturbance of such a system 
might well have a profound influence on the 
behaviour of the cell, particularly on cell division 
and differentiation. 

On the basis of this hypothesis, the relative DPN- 
pyrophosphorylase activities of nuclei isolated 
from normal mammary gland and tumour of the 


mouse have been determined. It has been found 
that the rate of synthesis of DPN by tumour nuclei 
is only about one-fifth of that of nuclei from lactating 
mammary glands. Preliminary results (unpub- 
lished) indicate that the DPN pyrophosphorylase is 
localized in the nucleus in both normal mammary 
gland and tumour, so that the comparative results 
reflect the different rates of synthesis by the two 
types of tissue. 


MATERIALS AND METHODS 


Animals 


The strain of mice with high tumour-incidence (C,H) was 
obtained from the Chester Beatty Cancer Research Insti- 
tute, London. The low tumour-incidence (NZ) strain was 
obtained from the Medical School, University of Otago, 
Dunedin, New Zealand. Both colonies were maintained (by 
continued inbreeding) in the laboratory for about 12 months 
before this investigation was begun. In the C,H colony, 
almost all the non-virgin females in each generation surviv- 
ing to tumour-bearing age have developed tumour of the 
mammary gland, while no case of spontaneous mammary 
gland tumour has yet been observed in the NZ strain. The 
mice were kept in galvanized or tinned-iron cages. The diet 
consisted of food pellets (‘Fido’ dog cubes, Barastoc 
Products Ltd., Victoria) and water, supplemented with 
fresh cabbage leaf weekly, and occasionally with raw 
sheep’s liver. 
Reagents 


Nicotinamide from L. Light and Co., adenosine-5’ 
phosphate from Roche Products Ltd., and DPN from 
Sigma Chemical Co. (‘Cozymase 90’) were used without 
further purification. 

Adenosine triphosphate. ATP was obtained as the sodium 
salt from Gedeon Richter Ltd., Budapest, Hungary. It 
assayed as 58% ATP by the enzymic method of Slater 
(1953). The preparation was found to be heavily contami- 
nated with DPN and metals, and inhibited DPN synthesis. 
The inhibition was removed during the following purifica- 
tion treatment. About 3 g. of ATP was dissolved in 20 ml. of 
water, brought to pH 6-5-6-8, and H,S passed through the 
solution until no further precipitate appeared. The pre- 
cipitate was removed by filtration, first through no. 1 
Whatman paper and then through a thin layer of Hyflo 
Supercel overlying a no. 42 Whatman paper on a Biichner 
filter funnel. Excess of barium acetate was added, the 
barium salt of ATP washed four times with 0-1m sodium 
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acetate buffer, pH 6-0, and dissolved in 4N-HCl and con- 
verted into the sodium salt by adding sodium sulphate and 
adjusting to pH 6-8. The barium sulphate was removed by 
centrifuging, and the supernatant (approx. 10 ml.) used for 
the enzymic work. 

In a single case, the rate of synthesis of DPN with this 
purified ATP was compared with that obtained with 
crystalline sodium ATP (Sigma Chemical Co.). No signifi- 
cant difference in rates was observed. 

Alcohol dehydrogenase. Initially, the crystalline enzyme 
was prepared from dried Fleischmann’s yeast (kindly 
supplied by Dr E. Racker) by the method of Racker (1950). 
Later, it was obtained from Boehringer and Soehne, 
Mannheim, Germany. 

Potato pyrophosphatase. A survey of several locally 
grown varieties of potatoes (both ‘old’ and ‘new’-season 
crops) showed that the maximum activity was no more than 
one-tenth of that found in the very active American varieties 
by Kornberg & Pricer (1950). The enzyme was initially 
prepared by the method of Kornberg & Pricer (1950), but the 
activity at all stages was considerably less than that ob- 
tained by these workers. The following modification of their 
procedure gave a final preparation of fairly low activity/mg. 
dry wt., but sufficiently free from contaminating enzymes to 
give almost quantitative conversion of DPN into nicotin- 
amide mononucleotide. 

Approx. 25 kg. of potatoes were peeled, diced, and 100 g. 
portions dispersed in a Waring Blendor for 90 sec. with 
200 ml. of 0-4 saturated (NH,).SO, solution at about 2°. The 
portions were combined, and filtered overnight at about 
2° through large, fluted no. 1 Whatman papers. Then 
6-11 kg. of solid (NH,),SO, was dissolved in the filtrate 
(30-6 1.), the suspension held for about 3 hr. and the pre- 
cipitate collected by centrifuging (approx. 3000g for 
20 min.). The precipitate was extracted with about 3-5 |. of 
0-25 saturated (NH,),SO, solution (at about 2°), and the 
insoluble residue removed by centrifuging as above. About 
1:3kg. of solid (NH,),SO, was added to 41. of the super- 
natant, the precipitate collected by centrifuging as before, 
and dissolved in a minimum of glass-distilled water. The 
solution was dialysed in Visking tubing against running tap 
water for 2 hr., after which the dialysed material (2-4 1.) was 
brought to pH 4-5 by the slow addition of 10-5 ml. of n 
acetic acid. After cooling to —3°, 750 ml. of 95% ethanol 
(at —10°) was added, and the precipitate collected and 
dissolved in distilled water (at 0°), the final volume being 
about 1 1. This solution was adjusted to pH 5-0 and held for 
48 hr., at 0°, after which a slight precipitate was removed 
by centrifuging and the clear supernatant fractionated 
by successive additions of 95% ethanol as described by 
Kornberg & Pricer (1950). Most of the activity was fairly 
uniformly distributed among the first seven fractions, which 
were combined, dissolved in a minimum of distilled water, 
and insoluble material was removed by centrifuging 
(3000 g, 30 min.). Alumina gel (58 ml. of Cy, aged for about 
2 years) was added to 724 ml. of solution, and after 30 min. 
was removed by centrifuging as above. The alumina pre- 
cipitate was washed four times with successive 25 ml. 
portions of 0-1m potassium phosphate buffer, pH 7-4. The 
enzyme was eluted with two 25 ml. portions of 0-25 saturated 
(NH,),SO, solution. Then 9-7 g. of solid (NH,),SO, was 
added to the combined eluates (46 ml.), the precipitate 
collected, dissolved in about 2 ml. of distilled water, and the 
brown solution clarified at about 25000 g for 15 min. The 
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final solution had an activity of 25-8umoles of DPN 
cleaved/hr./m]. at 38°, and an optical density of 11-7 at 
280 mu, corresponding to about 2 umoles of DPN cleaved/ 
hr./mg. of protein. The DPN appeared to be quantitatively 
converted into nicotinamide mononucleotide (see below). 


Preparation and assay of nicotinamide 
mononucleotide 


Nicotinamide mononucleotide was prepared by the action 
of potato pyrophosphatase on DPN by the following modi- 
fications of the procedure of Kornberg & Pricer (1950). 
About 45 mg. of DPN was dissolved in 0-4 ml. of 0-2 
potassium phosphate buffer (pH 7-4); 0-1 ml. of 6m nicotin- 
amide was added, followed by 0-5 ml. of a suitable dilution of 
potato pyrophosphatase. After adjusting the pH to 7-0, the 
solution was incubated at 38° for about 2 hr., at which time 
the DPN had been totally destroyed. Then 0-2 ml. of 72% 
HClO, was added, the fine protein precipitate removed by 
centrifuging (approx. 25 000 g for 30 min.), and the super- 
natant neutralized with 10N-KOH. The insoluble KC1O, was 
removed by centrifuging, and washed once with 0-2 ml. of 
distilled water. The combined supernatant and washings 
were freeze-dried over conc. H,SO, in vacuo. The product was 
used as nicotinamide mononucleotide without any further 
purification, since it was shown (see later) that adenosine-5’ 
phosphate, the other major product of nucleotide pyro- 
phosphatase action, did not interfere with synthesis of DPN. 

This product contained no DPN, as determined with 
alcohol dehydrogenase. The total nicotinamide riboside, 
estimated by measuring the absorption at 325 mu. in the 
presence of approx. M-KCN (Colowick, Kaplan & Ciotti, 
1951), corresponded with the amount of DPN destroyed, 
indicating stoicheiometric cleavage. In some cases, the 
concentration of nicotinamide mononucleotide was also 
estimated from the absorption at 340 my. after reduction 
with sodium dithionite (see LePage, 1947). 


Determination of the rate of synthesis of DPN 


The rate of synthesis of DPN was estimated by the 
following modification of the procedure of Kornberg (1950). 
The reaction mixture (0-8 ml., final pH 7-4) contained buffer 
(0-3 ml. of 0-25 glycylglycine, pH 7-4), nicotinamide mono- 
nucleotide (3 zmoles), ATP (5umoles), MgCl, (15 umoles) 
and nicotinamide (about 700ymoles). The reaction was 
started by addition of 0-2 ml. of a suitable suspension of 
nuclei, and the mixture incubated at 38° for 20 min. with 
gentle mechanical shaking. Then 0-8 ml. of 20% (w/v) tri- 
chloroacetic acid (TCA) was added, the precipitate removed 
by centrifuging, and washed once with 0-2 ml. of 6% (w/v) 
TCA. The combined supernatant and washing were adjusted 
to pH 8-0 by cautious addition of 4n-KOH and made up to 
2-5 ml. in a calibrated narrow-bore tube. The control tube 
was treated similarly throughout, except that the TCA 
was added immediately before the addition of the nuclei. 

The DPN content of 1 ml. of this final extract was esti- 
mated spectrophotometrically at 340 my. after reduction 
with ethanol and alcohol dehydrogenase as described by 
Kornberg (1950). A Beckman instrument, model DU, was 
used with 1 cm. cuvettes throughout this work. 

Nitrogen. This was estimated by the colorimetric pro- 
cedure previously described (Morton, 1955), except that the 
digestion was carried out by addition of 0-2 ml. of 50% 
H,SO, which contained 1 g. of a catalyst/l., prepared by 
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grinding together 3-46 g. of CuSO,,5H,O and 1-54 g. of 
SeO,. 

Counting of nuclei. A portion of the suspension of nuclei 
used for the enzymic assay was diluted (usually 1 in 20) into 
0-25m_ sucrose-0-0009M-CaCl, containing a few drops of 
0-001m methylene blue. The stained nuclei were counted 
microscopically with a clinical haemocytometer (Levy-type 
counting chamber). All counts were made by the one 
operator with the one haemocytometer throughout this 
work. Each count included the nuclei in eighty small 
squares of the chamber. This was repeated at least five times 
with a new sample for each count. The total number of 
nuclei counted in each preparation ranged from 1584 to 
2442 for nuclei preparations from tumours; from 468 to 
1896 for preparations from mammary glands; and from 
265 to 1488 for preparations from liver. Applying the 
formula developed by Berkson, Magath & Hurn (1940) for 
estimating the percentage variation in counts of erythro- 
cytes, the variation was between 5 and 9% for these 
determinations. 


RESULTS 
Isolation of nuclei 


Normal mammary glands were obtained from 
lactating females taken at varying stages of lacta- 
tion. They were removed from their litters just 
before use. In most cases only the hind glands were 
used and good yields of nuclei were generally 
obtained. Several attempts to obtain nuclei from 
the glands of virgin or non-lactating, non-pregnant 
mice were unsuccessful, because of the negligible 
amount of gland tissue. The mice used to obtain 
nuclei from non-lactating glands were mostly in 
advanced pregnancy. Histologically, the tumour 
tissue showed spheroidal cells with very little 
stroma. Central necrosis was common but only 
solid, white, peripheral, non-haemorrhagic viable 
tissue was used for assay. 

The following method, based on that described by 
Hogeboom & Schneider (1952), was developed for 
isolation of the nuclei from both types of tissue. It 
has been found to give enzymically active nuclei of 
good appearance under the microscope. 

Mice were anaesthetized with diethyl ether and 
the mammary gland or tumour was excised. The 
tissue was transferred immediately into ice-cold 
0-25 sucrose—0-0018M-CaCl, solution. After mine- 
ing asfinely as possible with sharp scissors, the tissue 
was disrupted for 1—2 min. in 5—10 vol. of the same 
sucrose—CaCl, solution with a Potter & Elvehjem 
(1936)-type homogenizer, consisting of a poly- 
ethylene pestle in a smooth-walled glass tube as 
described in the Appendix. 

The tissue dispersion was filtered through a layer 
of 10xx bolting silk and then 5 ml. was layered over 
10 ml. of 0-34 sucrose-0-0009M-CaCl, solution in 
round-bottom centrifuge tubes (15 ml. capacity). 
The nuclei were sedimented at approx. 600g for 
10 min., with an International no. 1 centrifuge, 
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which was accelerated and decelerated slowly in 
order to avoid mixing of the layers. The time from 
start to stop was about 15 min. After removing the 
supernatant, the sedimented pellet was resuspended 
in 5 ml. of 0-25 sucrose—0-0009 M-CaCl, solution by 
dispersing gently for about 15sec. with a poly- 
ethylene pestle fitting loosely in the centrifuge tube. 

The suspension of nuclei was then relayered over 
10 ml. of 0:34m sucrose—0-0009 m-CaCl, and resedi- 
mented as before. The procedure was repeated four 
times, the pellets from two tubes being combined on 
each occasion. The final pellet was suspended in 
about twice its volume of 0-25m sucrose—0-0009M- 
CaCl,. 

The whole preparation, including centrifuging, 
was carried out at 0—-1°. The condition of the nuclei 
was checked at all stages by microscopic examina- 
tion. As shown in the accompanying plate, the 
nuclei of the final preparations from both normal 
and tumour tissue appeared intact. 


Assay of DPN synthesis 


Preliminary observations established that nuclei 
isolated from mouse liver, mammary gland and 
mammary carcinoma synthesized DPN according 
to the Kornberg (1950) reaction. In routine assays, 
the reaction was carried out and DPN estimated as 
described under Methods. 

The validity of this assay system was established 
from earlier investigations with the more active 
nuclei from mouse liver and lactating mammary 
gland. With the amount of nuclei normally used 
(0-1—0-2 ml. of a suspension prepared as previously 
described) doubling the concentration of ATP or 
of nicotinamide mononucleotide, or both together, 
caused no further increase of synthesis in 20 min. at 
38°. With the usual incubation period (20 min.), the 
rate of synthesis was proportional to the amount of 
suspension of mammary gland or liver nuclei within 
the normal range used (0-1—0-3 ml. of suspension 
giving synthesis rates of 0-12—0-36ymole of 
DPN/hr./tube). With the amounts of nucleinormally 
used, the rates of synthesis by liver, mammary 
gland and tumour preparations were fairly linear up 
to lhr. With prolonged incubation, the rate of 
synthesis declined, probably due to the reaction 
approaching equilibrium (see Kornberg, 1950). 

Since the nicotinamide mononucleotide used in 
this work was expected to contain an equivalent 
concentration of adenosine-5’ phosphate, the effect 
of excess of the latter on DPN synthesis was 
studied. It was observed that increase of the con- 
centration of adenosine-5’ phosphate by tenfold of 
that present in the standard reaction mixture had no 
inhibitory effect. Furthermore, since a sample of 
purified nicotinamide mononucleotide (free from 
adenosine-5’ phosphate), kindly supplied by Dr A. 
Kornberg, gave the same result as an equivalent 
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concentration of the nicotinamide mononucleotide 
normally employed, it may be concluded that the 
adenosine-5’ phosphate had no inhibitory effect on 
the reaction. 


DPN destruction by mouse tissues 


Table 1 shows that tissue dispersions of both 
mammary carcinoma and lactating gland destroy 





Table 1. Inhibition of DPN destruction 
by dispersions of tumour tissue 


The reaction mixture (1-0 ml., pH 7-4) contained DPN 
(approx. 4 x 10-*m), MgCl, (15 x 10-*m), 0-3 ml. of glycyl- 
glycine buffer (0-25m, pH 7-4), the inhibitor at the con- 
centration shown and 0-1 ml. of dispersion of tumour tissue. 
Incubation was for 20 min. at 38°. The reaction was stopped 
by addition of 0-8 ml. of 20% (w/v) trichloroacetic acid 
and the DPN was estimated spectrophotometrically 
(Kornberg, 1950) at zero time and after 20 min. 


Enzymic 
Inhibitor destruction 

concen. of DPN 
Inhibitor (m) (%) 
None — 94 
Nicotinamide 0-2 55 
0-4 42 
0-6 7 
0-8 0 
NaF 0-01 94 
0-06 95 
Ammonium molybdate 0-01 70 
BeCl, 0-01 75 
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DPN, and that this activity is completely inhibited 
only by nicotinamide (0-7-0-8m). On a nitrogen 
basis, the rate of destruction of DPN by tumour 
(approx. 4zmoles of DPN/hr./mg. of N) somewhat 
exceeds that by normal lactating gland (2-3 pmoles 
of DPN/hr./mg. of N). Isolated nuclei from both 
tissues also destroyed DPN, the rates being generally 
similar (about 1 umole of DPN/hr./mg. of N). This 
activity, both in tumour and gland nuclei, was 
completely inhibited by 0-7m nicotinamide. 


Comparison of mammary gland carcinoma with 
‘normal’ (apparently non-malignant) mammary 
gland tissue from lactating and non-lactating 
(pregnant) mice 


In Table 2 the results obtained with isolated 
nuclei from mammary tumour and normal gland 
tissue are compared on the basis of pmoles of DPN 
synthesized /hr./10° nuclei. It is seen that the mean 
value for nuclei from tumour tissue (group 3) is 
about one-fifth of that for nuclei from lactating 
mammary gland (group 1), and about one-third of 
that for nuclei from ‘normal’ non-lactating mam- 
mary gland from pregnant mice, whether tumour- 
bearing (group 2a) or not (group 2b). Comparison of 
groups 1, 2 and 3 in Table 2 shows that no single 
determination in any one group falls within the 
range of values of either of the other two groups. 

Table 2 also shows that the differences between 
the mean values for tumour tissue and normal 
mammary-gland tissue (whether lactating or non- 


Table 2. Comparative rates of synthesis of DPN by nuclei from mouse mammary-gland and tumour tissue 


The assay procedure and other details are described in the text. In most cases, the nuclei for each determination were 
isolated from the pooled tissue taken from several mice. Assays were carried out at regular intervals during the period 


November 1954 to October 1955. 





pmoles of DPN 
synthesized/hr./10° nuclei 








Strain of No. of j ————__—__—_—_, 
Tissue Group mice estimations Mean +s.£. Range 
: a NZ 5 13-00 + 1-34 10-17 
Lacteting goat ’ 13 C,H 4 13-25 + 1-25 10-16 
2 ; * CH 3 7-00 +0-56 6-8 
‘Normal’ non-lactating gland g c - = 
es b+ C,H 1 8 “ 
Mammary carcinoma 3 C,H 8 2-75+0°15 2-3 
Group 1 13-11 -+0-87 (9) 
Means of pooled values { aoa 2 7-25 -4.0-52 (4) 
x x 2 G 1 
Ratios of mean values: pesca Sty ee ==26; - ances, coe =1°8. 
Group 3 Group 3 Group 2 
Statistical significance of differences between means: 
Groups Differences between 
compared mean values r 
la and 1b 0-25 >0-9 
1b and 3 10-50 <0-001 
2a and 3 4-25 <0-001 
1 and 2 5-86 <0-001 


* Pregnant, tumour-bearing mice. 


+ Pregnant, tumour-free mice. 
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Table 3. 
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Comparative rates of synthesis of DPN by nuclei from livers of mice in different age groups 


Nuclei were isolated by the same method as used for mammary gland (see Results). The assay procedure is described in 
the text. The livers of litter mates (both sexes) were pooled to obtain sufficient material for isolation of nuclei from foetal 
and young mice. Adults (over 3 months old) were all females except for one male NZ mouse. 


Group Age 
A Foetal 
7 days 
B { ’ 
17 days 
C Adult 


(awe A 
Mean values for pooled livers {Group B 
(Group C 


a Group B 
Ratios of mean values: - e= 


Statistical significance of differences between means: 


Group A si 


pmoles of DPN 


Strain of No. of synthesized/ 
mice estimations _hr./10° nuclei 
C,H 2 2 
” 1 3 
C,H 1 12 
C,H 1 13 
NZ 1 11 
C3H 2 42 
NZ 4 45 


2-3+0°3 (3) 
12-0 +0-6 (3) 
44-0 +4-2 (6) 

Group C_ 
Group A 





G C 
Group B 





Groups Differences between 
compared mean values P 
Aand B 9-7 <0-001 
A and C 41-7 <0-001 
Band C 32-0 <0-001 


* Laboratory strain (not a pure-bred line) kindly supplied by Walter and Eliza Hall Research Institute. 


lactating) are statistically highly significant. The 
difference between the mean values for lactating 
and non-lactating gland tissue is also statistically 
highly significant. However, there is no statistical 
difference between the mean values for the nuclei 
from lactating glands of C,H and NZ mice (Table 2). 


Comparison of livers of foetal, very young 
(7-17 days old) and adult mice (over 3 months old) 

Table 3 shows the comparison of liver tissue from 
foetal (group A), very young (group B) and adult 
(group C) mice on the basis of pmoles of DPN 
synthesized/hr./10® nuclei. The mean value for 
nuclei from foetal mice is extremely low, while that 
from young mice is about one-quarter of that for 
nuclei from adult mice. The difference between the 
mean values for each group is statistically highly 
significant (Table 3). 

The assays for the livers are based on counts 
which included nuclei of all sizes. It is not known 
whether the rate of synthesis varies with the size of 
the nucleus. 


DISCUSSION 


Of the several ways in which the metabolic activities 
of normal and tumour tissue may be compared, it 
appears to us that the most valid is the relative 
activity/whole cell (see also Fishman, 1953). An 
alternative basis for comparison, which is probably 
equally valid, is the relative activity/nucleus, as 


used in the present investigation. In general, the 
preparations of nuclei from all tissues were satis- 
factory in showing very few whole cells. A small 
amount of particulate material could be observed in 
most preparations, even after repeated washing by 
relayering and centrifuging, but most of the soluble 
constituents of the cytoplasm would have been 
removed in the washing treatment. It is therefore 
considered that, while slight contamination with 
particulate material would have affected the results 
when expressed on a dry weight or nitrogen basis, it 
has negligible effect on the basis of counts of nuclei. 

Photomicrographs of nuclei isolated from normal 
lactating mammary gland (PI. 2, 1 and 2) and from 
mammary carcinoma (Pl. 2, 3) are shown in the 
accompanying plate. Tumour nuclei in the same 
suspending fluid as used for mammary gland nuclei 
(Pl. 2, 1) would not take up the methylene blue 
sufficiently to permit satisfactory photography by 
direct lighting. Although there is a good deal of 
variation in the size of liver nuclei, those isolated 
from embryo mice were generally smaller, and those 
from adult mice generally larger, than those from 
livers of young mice. The nuclei from the latter 
group appeared to be about the size of those from 
mammary gland and tumour. 

Marked changes have been observed in the 
activities (expressed on the basis of tissue weight) of 
some cytoplasmic enzymes of mammary gland 
during pregnancy and lactation (see, for example, 
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Photomicrographs of nuclei isolated from mouse tissues and suspended in 0-25 M sucrose—0-0009 M-CaCl, solution. 
1 and 2: nuclei from ‘normal’ lactating mammary gland from strain C,H mice, stained with methylene 
blue (1), and unstained but taken by phase contrast (2). 3: nuclei from mammary-gland carcinoma from 
strain C,H mice, taken by phase contrast. Nuclei as shown x 1350. 
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Folley & Greenbaum, 1947; Moore & Nelson, 1952). 
It would therefore have been desirable to obtain 
activities for nuclei from mammary glands from 
non-pregnant mice and from animals in early 
pregnancy. Unfortunately, insufficient tissue for 
assay by the present technique could be obtained 
from such females (see under Results). Table 2 
shows, however, that the DPN-pyrophosphorylase 
activity/nucleus in a lactating gland is about 1-8 
times that in non-lactating tissue, and that this 
difference is significant. 

Cell. division is generally very rapid in tumour 
tissue. Nuclei from a mammary tumour have a 
markedly lower activity for synthesis of DPN than 
nuclei from either lactating or non-lactating glands 
(Table 2). Moreover, nuclei from the very rapidly 
growing embryonic-liver tissue of foetal mice, and 
from normal livers from young mice, have a much 
lower activity than nuclei from livers of adult 
animals (Table 3). The very low value for the nuclei 
from embryonic tissue (Table 3) is particularly 
noteworthy. These results suggest that a decreased 
rate of synthesis of DPN may be one aspect of rapid 
cell proliferation, so greatly accentuated in atumour. 
It would be of interest to determine whether such 
rapid cell division would be reduced if the rate of 
supply of DPN could be increased by some means. 

The results given earlier (Table 1 and p. 643) 
clearly establish that both the tumour and mam- 
mary gland tissue rapidly break down DPN in vitro. 
This destruction of DPN may be due to the action 
of several different enzymes (see review by Singer & 
Kearney, 1954). However, the inhibition by nico- 
tinamide suggests that most of the breakdown is due 
to the action of DPN nucleosidase (see Mann & 
Quastel, 1941). In tissue dispersions of rat liver, 
this enzyme appears to be localized mainly in the 
‘microsome’ fraction obtained from the cytoplasm 
(Sung & Williams, 1952). However, Sung & 
Williams (1952) observed that a relatively large 
percentage of the DPN nucleosidase activity was 
associated with the nuclear fraction. Washed nuclei 
from both mammary gland and tumour also break 
down DPN (p. 643). This may be due to the activity 
of the modified elements of the endoplasmic 
reticulum associated with the nucleus, which Watson 
(1955) has called the perinuclear cisternae. The 
higher concentration of nicotinamide (0-7 ™m) used in 
the assay of DPN synthesis (p. 641), as compared 
with the much lower (0-2m) concentration used by 
Hogeboom & Schneider (1952), was necessary in 
order to inhibit completely the breakdown of DPN 
by the mammary-gland and tumour tissue. There 
was no evidence of inhibition of DPN synthesis by 
this relatively high concentration of nicotinamide. 

When this work was well advanced, Jedeikin & 
Weinhouse (1955) made a preliminary report of 
their finding that the total DPN contents of a 
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variety of transplanted solid and ascites tumours 
are considerably less than those of most normal 
tissues. They also observed a lowered total DPN 
content in hepatoma induced in rats by prolonged 
administration of 4-dimethylaminoazobenzene, as 
compared with non-neoplastic liver from the same 
animals. It seems unlikely that this lowered DPN 
content of tumours could be due to increased 
destruction of this coenzyme. With inhibition of 
yeast fermentation as a measure of DPN-ase 
activity, Quastel & Zatman (1953) observed that 
the activity of a variety of tumours was in the range 
of, and frequently less than, that of most normal 
tissues. Moreover, the DPN-ase activity of 
hepatoma did not differ significantly from that of 
the control tissue. Hence it seems very probable 
that the results obtained by Jedeikin & Weinhouse 
(1955) are due to a decreased DPN-pyrophos- 
phorylase activity in the neoplastic tissues, as 
found in the present studies with mammary tumour. 
This may well be a general feature of malignant 
tissues. 

A large number of observations have suggested 
that an enzymic lesion connected with DPN-linked 
systems may be a significant feature of metabolism 
of tumour as compared with normal tissue. Warburg 
(1928) and Dickens & Weil-Malherbe (1943) 
observed a much higher aerobic glycolysis in slices 
of tumour than in normal tissues. However, when 
dispersions of tumour tissue (or the appropriate 
cytoplasmic fractions) are adequately supplemented 
with DPN (for which the requirement is higher than 
for normal tissues), then both glycolysis of hexose 
diphosphate (LePage, 1948, 1950) and oxidation of 
pyruvate (Wenner, Spirtes & Weinhouse, 1951; 
Wenner & Weinhouse, 1953) proceed at rates which 
differ little from those of comparable normal 
tissues. Moreover, Kensler, Suguira & Rhoads 
(1940) observed that the DPN level of rat liver falls 
during administration of 4-dimethylaminoazo- 
benzene, an active liver carcinogen. It is in the 
light of these observations that the significance of 
the decreased rate of synthesis of DPN by nuclei 
from mammary-gland carcinoma, as compared with 
normal gland (Table 2), must be assessed. The 
kinetic consequences of a restricted supply of DPN 
to enzyme systems which will compete for this 
common cofactor are by no means clear, but possible 
effects can be seen from considerations of the kind 
discussed by Dixon (1951), and recently extended 
by Racker (1955), in relation to interaction of co- 
enzyme-linked enzyme systems. As suggested in 
the introduction, there may be profound disturbance 
of normal cytoplasmic reactions. 

In a valuable review which appeared after this 
paper was submitted for publication, Weinhouse 
(1955) has discussed the ‘DPN effect’ in relation to 
tumour metabolism. While he makes no comment 
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on the possible impairment of nuclear DPN-pyro- 
phosphorylase activity in tumours, Weinhouse 
(1955) has also drawn attention to the sensitive 
control over metabolic behaviour of the cell which 
may be exercised through the rate of supply of 
enzymic cofactors. 

The investigation is being extended to determine 
the factors which may cause the changed activity 
of the DPN pyrophosphorylase. 


SUMMARY 


1. Nuclei were isolated from lactating and non- 
lactating mammary glands from strains of mice 
with high (C,H) and low (NZ) tumour incidence, and 
from mammary-gland carcinomata from the C,H 
mice. 

2. Tissues were compared on the basis of the 
rates of synthesis of diphosphopyridine nucleotide 
from adenosine triphosphate and nicotinamide 
mononucleotide by the isolated nuclei. The mean 
rates of synthesis (per 10° nuclei) by tumour was 
about one-third of that of gland from pregnant, non- 
lactating mice and about one-fifth of that of 
lactating gland tissue. The results were very con- 
sistent, and in all cases the differences between 
means were statistically highly significant. 

3. There was no statistical difference between the 
mean rates for lactating glands from C,H and NZ 
mice. 

4. The mean rates of synthesis (per 10° nuclei) 
were determined for nuclei isolated from livers of 
foetal, young and adult mice. The activities for the 
foetal and young mice were very much less than 
that of the adult mice. 

5. The significance of these findings is discussed 
in the light of previous work relating to a possible 
lesion in tumour tissue involving enzyme systems 
linked with diphosphopyridine nucleotide. 
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APPENDIX 


A Simply Constructed Tissue Homogenizer 


By H. KAMPHAUSEN anp R. K. MORTON 
Department of Biochemistry, University of Melbourne 


(Received 23 November 1955) 


Preliminary experience in the preparation of nuclei 
from mouse mammary gland was very unsatis- 
factory with a Potter & Elvehjem (1936) type of 
ground-glass homogenizer (Branster & Morton, 
unpublished). There was some improvement with 
a smooth pestle of Perspex operating in a sand- 
blasted mortar. However, consistently satisfactory 
results have been obtained in the preparation of 
nuclei from a variety of mouse tissues with an 
homogenizer constructed as described. It is a 
modification of that described by Potter & Elvehjem 
(1936) and consists essentially of a smooth poly- 
ethylene (Alkathene, Imperial Chemical Industries 
Ltd.) pestle operating in a smooth-walled glass 
mortar. It is simply constructed in the laboratory 
from readily available, inexpensive materials. This 
has particular advantage when a number of homo- 
genizers are required. 

The mortar is formed by sealing and rounding 
one end of a uniform Pyrex-glass tube, approx. 
8em. long, diameters 13-0 mm. (external) and 
10-9 mm. (internal), and the insert for the pestle is 
made from either sealed-glass tube or solid rod 
6-6 mm. external diameter and about 20 cm. long. 
‘Nyathene’-brand tube (Moulded Products of 
Australasia), diameters about 10-4 mm. (external) 
and 5-9 mm. (internal), is expanded and softened by 
immersion in boiling water and then slipped over one 
end of the pestle insert, previously lubricated with 
glycerol. The Nyathene is pushed home to form a 
sleeve about 3-5 em. long, and then cut, leaving 
2-3 mm. projecting beyond the end of the glass 
insert. When cooled, the sleeve binds securely to the 
glass insert, forming a pestle. 

The inside of the mortar is lubricated with a few 
drops of glycerol and the base is immersed for about 
1 em. into a paraffin bath kept at about 160—170°. 


Alternatively, with a little experience the base of the 
mortar may be heated to this temperature in a 
flame. The pestle is now inserted into the mortar, 
forced home and rotated by hand. The end of the 
Nyathene sleeve softens sufficiently to seal over the 
glass insert and is moulded perfectly to the shape 
of the base of the mortar. The glycerol lubricant 
facilitates a mirror-finish to the plastic and prevents 
any sticking or charring. Grooving the surface of 
the plastic has not been found to be of any particular 
advantage. 

The measurements given above refer to the 
homogenizer used for preparation of nuclei. In this 
case, the clearance between pestle and mortar is 
about 0-1 mm. Glass tubing usually varies slightly 
and continuously throughout its length. For any 
mortar, pestles may be constructed which vary in 
fit from no clearance to about 0-3 mm. clearance by 
using inserts cut from the one length of glass tubing. 
There is, of course, a limit to the expansion of the 
Nyathene sleeve. In practice, a number of homo- 
genizers are constructed and the most satisfactory 
selected for any required purpose, by trial. The 
simple mortar described here is of advantage for 
some work in that it may be centrifuged, but it may 
be fitted with the usual type of cup at the top if this is 
required. 

The same principle of construction has been used 
to make smaller and larger homogenizers [up to 
75 ml. capacity, pestle diameter 3-2 em. (external) ] 
for other purposes. For such instruments, of course, 
Nyathene tubing of suitable diameter is used. 
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The Action of Inhibitors on Dermatophytes 


By F. W. CHATTAWAY anv C. C. THOMPSON 
Department of Biochemistry, University of Leeds 


anpD A. J. E. BARLOW 
Department of Dermatology, The Royal Infirmary, Huddersfield 


(Received 23 November 1955) 


During recent years there has been a considerable 
increase in the incidence of infections due to the 
dermatophytes, and a correspondingly increased 
interest in the treatment of such infections with 
fungicides (Goldsmith & Hellier, 1954). Little is 
known, however, of the mechanism of action of 
fungicides upon these organisms nor of their 
detailed metabolism upon which a rational study 
of fungicide action might be based. Respiratory 
activity of agar cultures of a number of dermato- 
phytes was studied by Nickerson & Chadwick 
(1946), and inhibitory activity of sodium propionate 
and undecylenate demonstrated. Melton (1951) 
studied the respiration of submerged cultures of 
Microsporum canis showing the inhibiting activity 
of propionic, butyric and undecylenic acids and 
sodium cyanide, and Bentley (1953) determined 
Qo, values of submerged cultures of M. canis, 
Microsporum gypseum and Trichophyton rubrum. 
All these studies were of endogenous respiration, 
and only very small or negligible responses were 
obtained with added substrates. Cell-free enzymic 
activities have been reported by Tate (1929), who 
showed qualitatively the presence of a number of 
enzymes in acetone-dried powders of several 
dermatophytes; by Bentley (1953) who studied 
quantitatively the amino acid oxidase activity of 
the three fungi mentioned, and by Chattaway, 
Barlow & Thompson (1954), who reported the 
presence of a number of enzymes associated with 
carbohydrate metabolism as well as amino acid 
oxidase in crushed mycelium of M. canis. In this 
paper a detailed study is reported of the effect of 
inhibitors of carbohydrate metabolism in other 
organisms; and also of fatty acids and various 
detergents, upon the respiration of a number of 
dermatophyte species. 

Fatty acids and detergents are known to have a 
fungistatic and fungicidal action on the dermato- 
phytes (e.g. Peck & Rosenfeld, 1939; Wyss, Ludwig 
& Joiner, 1945; Dunn, 1937; Quisno & Foter, 1946; 
Walker, Porter & DeKay, 1952). This activity 
depends upon pH and, for the fatty acids, upon 
carbon-chain length, but little is known of the 
mechanism of action. In this paper this problem is 
approached by a quantitative study, first of the 


effect of fatty acids and detergents on endogenous 
respiration under different conditions, and secondly 
of the cell constituents released from washed 
mycelium in the presence of these materials. 

A preliminary report has been given of some of 
this work (Barlow, Chattaway & Thompson, 1953). 


METHODS AND MATERIALS 


Organisms. The organisms used were representative 
strains of M. canis Bodin, Microsporum audouini Gruby, T. 
rubrum, Trichophyton schoenleini (LEB) Langer & Milochev, 
and Epidermophyton floccosum (Harz) Langer. All were 
freshly isolated from cases of dermatophyte infection. 
Stock cultures were subcultured at monthly intervals. 

Media. Organisms were maintained on a4 % maltose-1 % 
Difco proteose-peptone-agar medium adjusted to pH 5-6. 
The organisms were grown on the same medium, made up as 
broth, for experimental work. 

Inoculum. All cultures for experimental work were 
grown as stationary cultures in 100 or 250 ml. conical flasks 
containing 20 or 30 ml. of medium, respectively, and incu- 
bated at 20°. The inoculum was a small piece of mycelium 
cut aseptically from a previously grown pad. 

Replacement cultures. The required medium (20 ml.) was 
prepared in 100 ml. flasks, each constituent being auto- 
claved separately and added aseptically. Mycelial pads of 
approx. 24 mg. dry wt., and 13-17 days old for M. audouini, 
M. canis and T. rubrum, and 20 days old for T’. schoenleini 
and E. floccosum, were washed six times in tubes of 
sterile distilled water before floating on the medium. 
Incubation was at 20° in stationary culture. 

Buffers. For pH 5-0-8-2, 0-1m Sorensen phosphate 
buffers were used; for pH 3-5, McIlvaine citrate—phosphate 
buffers, and for pH 8-11, glycine-NaOH buffers according 
to Miller & Golder (1950). 

Reagents. Undecylic and undecylenic acids, sodium 
dodecyl sulphate (SDS) and cetyltrimethylammonium 
bromide (CTAB) were obtained from L. Light and Co., Ltd. 
Phenoxetol (2-phenoxyethanol) was supplied by Nipa 
Laboratories Ltd., Cardiff. Other fatty acids and reagents 
were B.D.H. laboratory reagents or AnalaR grade where 
available. 

Respiratory determinations. These were made by con- 
ventional Warburg techniques in air at 30°. The mycelium 
was a piece of a surface culture of about 7 mg. dry wt. and 
of the same age as that used for replacement culture 
experiments. 

a-Keto acids. These were estimated by the method of 
Friedemann & Haugen (1943) and total keto acid values 
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expressed as pg. of pyruvic acid. Identification and isola- 
tion of the 2:4-dinitrophenylhydrazones was by paper 
chromatography by the method of Cavallini, Frontali & 
Toschi (1949) as modified by Dagley, Fewster & Happold 
(1952). All melting points are uncorrected. 

Amino acids. «-Amino N was measured by the method of 
Danielson (1933). Amino acids released from fungal cells 
were identified by paper chromatography after desalting the 
solutions by adsorption on Zeocarb 215 (Permutit Co., Ltd.) 
and elution with 0-2 N-NH, according to Partridge & Brimley 
(1952). Solvents used for chromatography were sec.- 
butanol-3 % (v/v) NH, (sp.gr. 0-880) (15:6, v/v) and sec.- 
butanol-90 % formic acid (3:1, v/v). 

Pentoses were estimated by the method of Mejbaum 
(1939), orthophosphate by the method of Fiske & Subbarow 
(1925) and total N by the micro-Kjeldahl method in a 
Markham still (Markham, 1942). Dry wt. was determined by 
heating mycelium at 100° to constant weight. Absorption 
spectra and colorimetric readings were determined on a 
Unicam spectrophotometer SP. 500. 


RESULTS 


It is characteristic of the dermatophytes, as of many 
other fungi, that they show a high rate of endo- 
genous respiration which is very little affected by 
starvation of the mycelial mat. After numerous 
unsuccessful attempts to reduce this rate by 
starvation with aeration or shaking, or to stimulate 
the respiration significantly by the addition of sub- 
strates, it was decided to study the effect of certain 
inhibitors on the endogenous respiration. This 
respiration rate was found to be constant for pieces 
of mycelium from the same mycelial mat, but to 
vary appreciably from one experiment to another. 
The range of values found over a considerable 
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number of experiments is shown in Table 1; the 
values are expressed as qo, = yl. of O,/mg. of N/hr. 
As some indication of the type of material being 
oxidized during endogenous respiration R.Q. deter- 
minations were made, and typical results are also 
shown in Table 1. 


Effect of inhibitors on endogenous respiration 


Enzyme inhibitors. Inhibitors were added after 
the mycelium had been respiring for 1 hr. The 
percentage inhibition of respiration was calculated 
over the 2-3 hr. period after the commencement of 
the experiment, i.e. from 1 to 2 hr. after addition of 
the inhibitor. Each value recorded was the average 
of duplicate determinations; control flasks without 
added inhibitor were included in each experiment. 
Compounds known to inhibit glycolysis or terminal 
respiratory processes in other organisms were used. 
A range of concentrations of each inhibitor was 
employed, and typical results at two levels are 
recorded in Table 2. 


Table 1. Endogenous respiration of mycelial 
mats of dermatophytes 


Each vessel contained 3 ml. of 0-1m Sgrensen phosphate 
buffer, pH 6-4, with 0-2 ml. of 20% KOH and filter paper 
(Whatman no. 531) in the centre well. Gas phase: air; bath 
temp., 30°. go, =pl. of O,/mg. of N/hr. 


Organism Range of qo, R.Q. 
M. audouini 104-145 0-99 
M. canis 159-192 0-99 
T. schoenleini 157-190 0-88 
T. rubrum 114-152 0-98 
E. floccosum 143-172 0-92 


Table 2. Inhibition of endogenous respiration of dermatophytes 


Each Warburg vessel contained 2-5 ml. of 0-1 mM Sorensen phosphate buffer, pH 6-4, with 0-2 ml. of 20% KOH and filter 
paper (Whatman no. 531) in the centre well. Inhibitors were placed in the side arm of the vessel. Gas phase: air; bath 


temp., 30°. Percentage inhibition determined as described in text. 


— indicates the substance was not tested at that conen. 


+ Indicates percentage stimulation of respiration ; 


Inhibition or stimulation of respiration (%) 





Conen. Cc — = = a a ae 

Inhibitor (M) M.audouinit M.canis T. schoenleini T. rubrum  E. floccosum 
KAsO, 0-01 82 75 71 87 65 
0-001 21 21 47 —- 42 
NaF 0-1 81 61 65 84 50 
0-01 27 — 16 59 29 
lodoacetate 0-016 70 65 66 77 54 
0-001 il 32 27 38 13 
Fluoroacetate 0-02 6 4 49 40 31 
0-005 — —_— 29 10 13 
Azide 0-01 84 $2 52 73 86 
0-0001 +23 } +11 +7 0 
2:4-Dinitrophenol 0-0017 66 52 52 49 30 
0-0001 +23 +10 +17 +29 +15 
Malonate 0-055 12 10 8 12 17 
0-055* 14 17 12 14 15 


* 0-1 citrate-0-13m phosphate buffer, pH 4-0. 
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Arsenite, fluoride and iodoacetate show a high 
degree of inhibition with all the organisms, although 
a high concentration of fluoride was required. 
Fluoroacetate and malonate show a poor degree of 
inhibition, which may be due in part to difficulties of 
penetration. The oxidation of succinate by crushed 
mycelium, prepared in a Hughes (1951) press, is 
inhibited by malonate (Chattaway et al. 1954). 
Employment of a lower pH did not increase the 
degree of inhibition, although in other organisms 
this is found to increase the degree of penetration 
of malonate through cell walls (Barron, Ardao & 
Hearon, 1950). Azide and 2:4-dinitrophenol show 
effects similar to those recorded in other species, 
with stimulation of respiration at low concentra- 
tions and inhibition at higher levels. 

Fatty acids. (a) Effect of chain length. The effect on 
endogenous respiration of the homologous series of 
saturated fatty acids from C, to C,, was studied. 
Oxygen uptake/mg. of N was determined for a piece 
of mycelium suspended in buffer over a 3 hr. period 
in the presence of the fatty acid, and compared with 
that for a control flask without added fatty acid. 
Typical results at varying concentrations of fatty 
acids are shown in Fig. 1 for M. canis, and analogous 
results were obtained with M. audouini. A consider- 
able inhibiting effect, which increases with increas- 
ing chain length, is found. The figure for undecylenic 
acid is included since this substance has been much 
used in therapeutic preparations for dermatophyte 
infections; it was not found to be any more effective 


100 


“ 
Ww 


Percentage inhibition 


25 





. 2 4 4 2. - Ss 
No. of C atoms 
Fig. 1. Effect of carbon-chain length of saturated fatty 
acids on the inhibition of endogenous respiration of M. 
canis suspended in 0-08m phosphate buffer, pH 7-4. 
x indicates percentage inhibition by 0-004m undecylenic 
acid at pH 7-4. 
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as an inhibitor under these conditions than the 
saturated acid of the same carbon-chain length. 

(b) Effect of pH. The effect of the fatty acids of 
carbon-chain length C,—C,) on endogenous respira- 
tion at pH values 5-4, 6-4 and 7-4 was examined for 
M. canis and M. audouini, and typical results are 
shown in Fig. 2. Determination of percentage 
inhibition was as described above. In all cases an 
increasing inhibitory power was found with de- 
creasing pH. The effects of chain length of the fatty 
acids and pH are closely analogous with those 
found by Wyss et al. (1945) for the fungicidal and 
fungistatic activity of fatty acids on Trichophyton 
interdigitale and Trichophyton purpureum in agar 
culture. 

(c) Permanence of the respiratory inhibition. 
Nickerson & Chadwick (1946) showed for E£. 
floccosum that removal of the mycelial mat from the 
fatty acid solution led to a return of the respiration 
rate to its original value. This point has been further 
investigated, particularly with reference to the 
possible recovery of respiration after 100% 
inhibition had occurred. It was determined that, in 
the presence of 0-02m octanoic acid at pH 5-4, the 
endogenous respiration of M. canis suspended in 
0-08m phosphate buffer at 30° was completely in- 
hibited after 2 min. Therefore, mycelial pads grown 
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25 

0 

5-4 64 7-4 


pH 
Fig. 2. Effect of pH on the inhibition by fatty acids of the 
endogenous respiration of M. canis. Fatty acid concn. 
0-02m. x, Octanoic acid; @, hexanoic acid; ©, butyric 
acid. 
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under the standard conditions were washed six 
times with distilled water and floated on to 0-02m 
octanoic acid under the above conditions. Pieces of 
mycelium were then removed at intervals, washed 
six times in distilled water and floated on to 0:08m 
phosphate buffer, pH 5-4, and the endogenous 
respiration rate was determined over a 3 hr. period 
and the mean Q,, value determined. This was then 
compared with the value for mycelial mats treated 
similarly but in the absence of the fatty acid, and 
the percentage recovery of respiration determined. 


~ 
wn 


Percentage recovery 


bh 





0 
0 10 20 30 


Time of contact (min.) 


Fig. 3. Recovery of cndogenuus respiration of M. canis 
after contact with 0-02M octanoic acid at pH 5-4. 
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Percentage inhibition 





3 4 6 8 10 


Fig. 4. Effect of pH on the inhibition of endogenous 
respiration of M. canis by detergents. @, 4-6 x 10-4m 
CTAB; ©, 58x10-*m SDS; x, 35x10? 
phenoxetol. 
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The results are shown in Fig. 3. Thus although 
inhibition is complete after 2 min. contact with the 
inhibitor, it can be reversed to the extent of 60 % by 
rapid washing after this time. After longer times of 
exposure the degree of recovery falls rapidly and 
after 30 min. the inhibition is almost irreversible 
under the conditions employed. 

Detergents. Representatives of cationic, anionic 
and neutral detergents were all found to inhibit 
endogenous respiration of M. canis, the percentage 
inhibition being determined as described for the 
enzyme inhibitors. Inhibition of 50% was given by 
3-67 x 10-4m CTAB at pH 8-2, 6-94 x 10-4m SDS at 
pH 6-4 and 3-15 x 10-?m phenoxetol at pH 6-4, all 
measurements being in 0-1m phosphate buffer. The 
effect of pH on the inhibition is shown in Fig. 4. 
The results show an increased degree of inhibition at 
alkaline pH values for the cationic detergent, at 
acid pH values for the anionic detergent and little 
change in activity with pH for the neutral detergent. 
The permanence of the inhibition produced by the 
three detergents was studied under the same condi- 
tions as those described for octanoic acid inhibition, 
and the results were virtually identical with those 
illustrated in Fig. 3, the inhibition being irreversible 
after approx. 30 min. exposure to the detergent. 
Thus the effects of fatty acids and the three types of 
detergent on the endogenous respiration appear to 
be parallel, although the effective concentrations 
vary appreciably. 


Release of cell constituents during inhibition of 
respiration by fatty acids and detergents 


It is well established for a number of bacteria that 
detergents are capable of causing a release of 
soluble cell constituents (Hotchkiss, 1946; Salton, 
1951), but this phenomenon does not appear to have 
been demonstrated for fungi. The effect of deter- 
gents and fatty acids in promoting the release of such 
materials from M. canis has been shown, and an 
attempt made to determine whether such release can 
be correlated with the inhibitory action of these 
materials on endogenous respiration. Octanoic acid 
and the detergents used in the studies of respiration 
were employed, and the release of amino nitrogen, 
pentoses, inorganic phosphate and material ab- 
sorbing at 260 mu. was measured. The last was 
measured since the absorption spectrum of the 
culture filtrates showed a maximum value at 
260 muy., as was also shown by Salton (1951) for the 
supernatants after the action of CTAB on Staphy- 
lococcus aureus. Washed mycelial pads were floated 
aseptically on to a solution of the fatty acid or 
detergent in phosphate buffer (except when phos- 
phate release was studied, when no buffer was used) 
and the released materials estimated after the 
required time interval. Four pads were employed in 
each determination, the samples were pooled and 
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the mycelial dry weights averaged. The release of 
constituents by octanoic acid over a period of 10 hr. 
is illustrated in Fig. 5. A similar result was obtained 
with the detergents, both in relation to the amount 
of materials released and to the shape of the curves. 
lt is seen that there is a small spontaneous release of 
materials in the control flasks. The release of amino 
nitrogen is the most rapid; chromatographic 
examination of the concentrated filtrate obtained in 
the presence of octanoic acid showed the presence of 
serine, glycine, threonine, glutamic acid, proline, 
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Fig. 5. Release of soluble cell constituents from M. canis 


by octanoic acid. Phosphate buffer, 0-1m, pH 5-4, except 
curves 4 and 8. Curves 1-4, 0-02 octanoic acid; curves 
5-8, controls. Curves 1, 5 (©), «-amino N; curves 2, 6 
(x), material absorbing at 260 myz.; curves 3, 7 (@), 
pentose; curves 4, 8 (O), inorganic phosphate. 
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alanine, leucine and isoleucine, and several materials 
which were not identified. The same pattern of 
amino acid release was seen in the control solution. 
Chromatographic examination for carbohydrates, 
with 3% of p-anisidine hydrochloride in n-butanol 
as a spray reagent, revealed the presence of spots 
corresponding to glucose and ribose. 

Effect of concentration. The release of cell con- 
stituents was studied at concentrations of octanoic 
acid and detergents under conditions known to give 
over 85% inhibition of endogenous respiration as 
well as at levels which had little or no effect on 
respiration. Values were determined over a 20 hr. 
period and typical results after 4 hr. are shown in 
Table 3. The lower concentrations of inhibitors are 
seen not to release constituents to an appreciably 
greater extent than in the controls. 

Effect of pH. The inhibitory activity of the fatty 
acids and detergents on endogenous respiration was 
shown earlier to be considerably affected by pH, 
and the effect of changing pH on release of cell 
constituents was also studied. A concentration of 
inhibitor known to be strongly active on respiration 
at the optimum pH for that substance was used. 
Material absorbing at 260 my. was determined for 
octanoic acid, CTAB and SDS, but pentose deter- 
minations were made for phenoxetol treatment as 
this substance itself absorbs strongly at 260 mu. 
Typical results are shown in Table 4. It is apparent 
that release of constituents by the detergents is 
relatively unaffected by pH change, but with 
octanoic acid release virtually does not occur at pH 
values where capacity to inhibit respiration is low. 


Accumulation of «-keto acids in replacement cultures 


The marked inhibition of endogenous respiration 
by arsenite suggested that there might be an 
accumulation in the culture medium of «-keto acids, 


Table 3. Effect of concentration of inhibitor on release of cell constituents from M. canis 


Mycelial pads of about 24 mg. dry wt. in stationary culture. In all flasks there was 20 ml. of 0-1 Mm phosphate buffer, 


except for inorganic phosphate determinations, when no buffer was used. Time, 4 hr. at 20°. 


Inhibitor 


Octangic acid 


Control 


CTAB 


Control 


SDS 


Control 


Phenoxetol 


Control 


Concn. 


(1) 
2-0 x 10 
4-0 x10 


9-2 x10 
4-6 x 10 


1-2 x10" 


5-8 x 10 


5°8 x 10 
5-8 x 10 


eo 


x) 


on 


pH 
54 
54 
5-4 
8-2 
8-2 
8-2 
6-4 
6-4 
6-4 
6-4 
6-4 
6-4 


102 (log I/1) | 


NH,-N Pentose PO, 
(ug./mg. (wg./mg. (ug./mg. at 260 mu./ 
dry wt.) dry wt.) dry wt.) mg. dry wt. | 
on oe a 2-5 
= — —_ 1-25 
23-6 17-8 12-4 2-63 
16-4 5-6 6-6 0-87 
10-2 4-2 2-8 0-80 } 
31-6 19-8 8-4 5°88 
11-8 5-6 3-2 0-56 
11-0 5-0 2-8 0-81 
30-4 11-6 18-0 - 
11-2 6-0 4-6 -— 
11-0 5-0 2-8 — 
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Table 4. Effect of pH on the release of cell constituents from M. canis by octanoic acid and detergents 


Mycelial pads of approx. 24 mg. dry wt. were used in stationary culture. For all pH values 20 ml. of 0-1m phosphate 
buffer was used, except pH 8-6 when 20 ml. of glycine-NaOH buffer was used. Figures in parentheses indicate release in 


absence of inhibitor. Temp., 20°. 





10? (log I,/Z)/mg. dry wt. Pentose 
c : — A (ug./mg. dry wt.) 
Octanoic acid* CTABt SDS+ Phenoxetolf 
pH (1-5 x 10-2) (1-6 x 10-*m) (3-5 x 10-4m) (3-5 x 10-2) 
5-4 3-05 (0-565) 1-275 (0-500) 1-645 (0-500) 8-6 (2-9) 
6-2 2-45 (0-610) 1-395 (0-695) 1-500 (0-695) 10-9 (3-4) 
7-0 1-50 (0-640) 1-550 (0-640) 1-595 (0-640) 11-1 (3-2) 
78 0-455 (0-430) 1-925 (0-580) 1-435 (0-580) 8-6 (3-0) 
8-6 0-465 (0-560) 1-740 (0-785) 1-430 (0-785) 9-2 (3-0) 


* Release after 3 hr. 


if these fungi were incubated in the presence of 
arsenite for longer periods. Such accumulation has 
been shown for strains of Aspergillus niger (Walker, 
Hall & Hopton, 1951) and Penicillium chrysogenum 
(Hockenhull, Wilkin & Winder, 1951), and can 
readily be demonstrated in replacement cultures of 
the dermatophytes used in this work. The conditions 
under which this occurs and the nature of the acids 
produced have been studied in detail. To be able to 
compare the amounts of «-keto acids formed in 
different groups of experimental flasks it was 
essential to determine the constancy of the acid 
formation related to fungal dry weight in each 
individual flask, under the same experimental 
conditions. In a typical experiment in which seven 
flasks containing 0-1m phosphate buffer, pH 6-4, 
and 0-005 potassium arsenite were incubated for 
6 days at 20°, the mean value found was 2-34 yg. 
of total «-keto acids/ml./mg. dry wt. of mycelium 
(range 2-29-2-45,-¢.). Thus acid production is 
relatively constant from flask to flask, although 
there were variations in thickness of mycelial pads 
and in consequence probably metabolic variability. 

In subsequent experiments groups of five flasks 
were used, each containing one pad. At the required 
times 1 ml. samples were removed aseptically from 
each flask, and bulked for «-keto acid determination. 
Fungal dry weights were determined at the end of 
the experiment, after careful washing, and a mean 
value was determined. Accumulation of «-keto acids 
in the presence of arsenite proceeded over several 
days before reaching a steady value and was notably 
enhanced by the presence of glucose. Production 
was negligible in the absence of arsenite. These 
findings are illustrated in Fig. 6. The endogenous 
formation of «-keto acid in the absence of added 
substrate was always found. This value could be 
reduced by about 50% by vigorous aeration for 
12hr. before the addition of the arsenite, but 


subsequent aeration for prolonged periods did not 
result in any further substantial reduction. 

Effect of pH. Changes of pH in the range pH 5-4— 
8-0 were found to have little effect on the «-keto 


+ Release after 2 hr. 


8 


uw 
Oo 


cé-Keto acid (ug-/ml.) 





4 
Time (days) 


Fig. 6. Accumulation of a-keto acids in replacement 
cultures of M. audouini. Total keto acids expressed as yg. 
of pyruvic acid/ml. Phosphate buffer (0-1m), pH 6-4, in 
all flasks. Other flask contents: curve 1, 0-1m glucose, 
0-005m-K AsO, ; curve 2, 0-005m-K AsO, ; curve 3, 0-1m 
glucose. After incubation for 8 days the values for yg. of 
pyruvic acid/ml./mg. dry wt. were 6-9, 3-0, 0-1 for curves 
1, 2 and 3 respectively. 


acid formation. Hockenhull e¢ al. (1951) found that 
Penicillium chrysogenum required arsenite for 
«-keto acid accumulation at pH 7-0 but not at 
pH 5-4, but in the present work it was found that 
arsenite was required at all the pH values tried for 
such accumulation to occur with M. canis. 

Effect of concentration of arsenite and glucose. The 
effect of arsenite concentration on the total and 
endogenous accumulation of «-keto acids in the 
presence of 0-1m glucose by M. canis and that of 
glucose concentration in the presence of 0-01m 
arsenite is shown in Table 5. 

Effect of other substrates. A variety of other carbo- 
hydrates and related substances were tested as 
possible substrates for z-keto acid formation, 
and the results are recorded in Table 6. It is of 
interest that the mycelium had been grown on 
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maltose-containing broth, but that maltose was con- 
siderably poorer than glucose as a source of «-keto 
acids. The latter was the only substance found which 
gave any appreciable yield of the «-keto acids. 


Table 5. Effect of glucose and arsenite concen. 
on a-keto acid formation by M. canis 


Basal medium-0-1m phosphate buffer, pH 6-4. Values 
are corrected for endogenous «-keto acid formation. 


Total «-keto acids as pg. of 
: i Hs 
pyruvic acid/mg. dry wt. 








KAsO, Glucose ‘ —— 
(M) (mM) 5 days 9days 12 days 
0-01 0-2 57-6 77-6 -— 
0-01 0-1 48-8 70-0 ~- 
0-01 0-05 45-0 67-6 — 
0-01 0-01 20-0 22-6 = 
0-01 0-004 15-0 15-0 — 
0-01 0-001 0-0 0-0 —_ 
0-02 0-1 a= — 89 
0-012 0-1 _- _— 87-5 
0-008 0-1 — — 80 
0-004 0-1 — — 42-3 
0-001 0-1 — — 0-7 
Nil 0-1 -—— — 0-0 


Table 6. Effect of substrate variation on a-keto 
acid formation by M. canis 


Basal medium 0-1m phosphate buffer, pH 6-4; 0-005m- 
KAsO,. Incubated for 6 days. Values are corrected for 


endogenous «-keto acid formation. 
Total «-keto acids 


Substrate as pg. of pyruvic 

(0-1M) acid/mg. dry wt. 
Glucose 78-4 
Fructose 20-0 
Mannose 24-2 
Maltose 11-2 
Lactose 5-4 
Sucrose 0-0 
Galactose 2-8 
Arabinose 0-0 
Sodium lactate 0-0 
Sodium succinate 0-0 
Sodium citrate 0-0 
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Identification of «-keto acids. The «-keto acids 
formed by M. canis in replacement culture in the 
presence of glucose and arsenite have been separated 
and identified by paper chromatography of the 2:4- 
dinitrophenylhydrazones prepared as in the method 
of Friedemann & Haugen (1943). The solution 
of 2:4-dinitrophenylhydrazones obtained by this 
method was acidified and extracted with ethyl 
acetate, the resulting solution being used for 
chromatography. Preliminary chromatographic 
examination, running time 4 hr. on Whatman no. 4 
paper, showed the presence of three spots (‘Table 7, 
spots 1-3), with a fourth spot (Table 7, spot 4) 
separating from spot 2 when chromatograms were 
developed for 24 hr. Separation of larger quantities 
of these derivatives for spectroscopic and chemical 
analysis was achieved with Whatman no. | paper, 
eluting with 10% Na,CO,, acidifying with cold 
concentrated H,SO, and extracting into ethyl 
acetate. By comparison with authentic derivatives 
spots 2 and 3 have been identified as the isomeric 
2:4-dinitrophenylhydrazones of pyruvic acid (Isher- 
wood & Jones, 1955), and there is strong evidence 
that spot 1 is due to the corresponding derivative 
of «-oxoglutaric acid, insufficient material being 
obtained for chemical analysis. Spot 4 remains 
unidentified, only sufficient material being obtained 
for spectroscopic examination. The relevant data 
are summarized in Table 7. 

R, values relative to the 2:4-dinitrophenyl- 
hydrazone of pyruvic acid were determined, and 
spectroscopic data obtained, for the endogenous 
«-keto acids produced in the absence of glucose by 
M. canis, and identical values were obtained. In 
addition, similar determinations have been made 
with replacement cultures of M. audouini, T. 
schoenleini, T. rubrum and E. floccosum in the 
presence of arsenite and in the presence and 
absence of glucose. Similar results were obtained 
for these organisms. It is concluded that all 
these fungi, in the presence of arsenite, accumu- 


lable 7. Properties of the 2:4-dinitrophenylhydrazones of «-keto acids produced by M. canis 
in replacement culture in the presence of arsenite 


Medium: 0-Im glucose; 0-1m phosphate buffer, pH 6-4; 0-01M-KAsO,. R values are relative to the rans isomer of 
pyruvic 2:4-dinitrophenylhydrazone; A: n-butanol-ethanol-(NH,),CO, buffer; B: n-butanol-NH, soln. A,,,,. values are 
recorded for (1) derivatives dissolved in 10% Na,CO, and diluted with an equal vol. of 1-5N-NaOH; (2) derivative 


dissolved in ethyl acetate. 
R values 








2:4-Dinitrophenylhydrazone A B M.p. 
Spot 1 0-18 0-118 222° 
«-Oxoglutaric acid 0-20 0-147 220° 
Spot 2 1-0 1-0 216° 
Spot 3 1-28 1-47 — 
Pyruvic acid (2 spots) 1-0 1-0 216° 

1-28 1-44 a 
Spot 4 1-03 - —- 








ee 
aren, 
(1) (2) Chemical analysis 
418 361 -= 
418 361 - = 
446 349 C, 40-5; H, 2-9; N, 209% 
445 349 Calc. C, 40-3; H, 3-0; N, 20-8% 
365 332 az 
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late pyruvic and «a-oxoglutaric acids together 
with very small quantities of an unidentified 
a-keto acid. 


DISCUSSION 


The results obtained with the enzyme inhibitors 
provide preliminary evidence that, in all the fungi 
studied, pyruvate and «a-oxoglutarate oxidase 
systems are present, this being strengthened by the 
accumulation of these acids in the presence of 
arsenite. This accumulation is enhanced by the 
presence of glucose in the medium and to a lesser 
extent by certain other sugars, but materials such 
as lactate or succinate are without effect; this is 
contrary to the findings of Hockenhull e¢ al. (1951) 
for P. chrysogenum, who showed the formation 
of considerable amounts of «-oxoglutarate from 
lactate. The inhibition by fluoroacetate indicates the 
probability of citrate synthesis, and inhibitions by 
malonate were of a low order, but, together with 
evidence obtained from mycelial dispersions 
(Chattaway et al. 1954), the probable presence of 
succinic dehydrogenase is indicated. By analogy 
with other organisms the results with azide and 
2:4-dinitrophenol indicate that phosphorylation 
mechanisms are probably functioning in the 
respiratory process, and the fluoride and iodo- 
acetate inhibitions indicate the presence of enzymes 
sensitive to these materials. The more precise 
evaluation of the sites of action of all these materials 
and the metabolic pathways concerned must await 
the preparation and purification of cell-free systems. 

The effects of the fatty acids and detergents upon 
endogenous respiration and the release of cell con- 
stituents show a similarity both quantitatively and 
qualitatively. The increasing toxicity of fatty acids 
with increasing chain length up to C,, parallels their 
fungistatic and fungicidal activity for a number of 
dermatophytes and other fungi (Wyss et al. 1945), 
their antisporulation activity on Bacillus mycoides 
(Hardwick, Guirard & Foster, 1951), their bacteri- 
cidal effects on Mycobacterium leprae (Stanley, 
Coleman, Greer, Sacks & Adams, 1932) and their 
inhibition of fermentation and respiration of yeast 
(Samson, Katz & Harris, 1955). The toxic action of 
a homologous series of fatty acids and of detergents 
is usually explained in terms of either an action on 
the cell membrane, probably by combination with 
protein, or alternatively by inhibition of specific 
enzymes. It is possible that the effect is a combina- 
tion of these two processes with increased cell 
permeability allowing penetration of the inhibitor to 
enzymes within the cell. The inhibition of respiration 
of the fungi was found to be a rapid process, being 
complete within 2 min. with both fatty acids and all 
three types of detergent. The release of cell con- 
stituents was not appreciable within this time, 
suggesting that the effect producing the respiratory 
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inhibition may not be associated with the perme- 
ability of the cell membrane but that the increased 
permeability may be a separate result of the in- 
hibitor’s activity, or an indirect result of the 
respiratory inhibition. The rate of release of cell 
constituents with these organisms is in contrast 
with those found by Salton (1951) for a number of 
bacteria, where release was virtually complete in 
30 min. or less in the presence of bactericidal con- 
centrations of CTAB. The observation that levels of 
fatty acids and detergents which do not inhibit 
respiration also do not lead to release of cell con- 
stituents does not necessarily mean that the pro- 
cesses are related, since the lower concentration may 
be equally incapable of producing either of two 
distinct effects. The effects produced by the fatty 
acids and detergents appear to be similar in many 
respects (e.g. pattern of respiratory inhibition and 
release of cell constituents) but the effect of pH on 
these processes reveals a dissimilarity. The effect of 
pH on respiration is a progressive inhibition with 
increased concentration of undissociated inhibitor 
for the fatty acids and cationic and anionic deter- 
gents, with little effect so far as phenoxetol is con- 
cerned. A similar result was found for the effect of 
octanoic acid on release of cell constituents, little 
release being evident at pH values where respiratory 
inhibition was low. However, variation of pH did 
not influence the release of constituents by the 
detergents, suggesting that the sites of action of the 
two groups of materials are not necessarily identical. 


SUMMARY 


1. The endogenous respiration of strains of 
Microsporum audouini, M. canis, Trichophyton 
schoenleini, T.rubrumand Epidermophyton floccosum 
is inhibited by arsenite, fluoride, iodoacetate, fluoro- 
acetate and malonate. Azide and 2:4-dinitrophenol 
also inhibit respiration at higher concentrations but 
show a stimulatory effect at lower levels. 

2. Saturated straight-chain fatty acids strongly 
inhibit endogenous respiration, the effect increasing 
with carbon-chain length up to C,, and being 
greatest at acid pH values. In the presence of 
optimum levels of fatty acid the inhibition is 
complete in 2min., and partially reversible by 
washing the mycelium up to 30min.,but irreversible 
after this time. 

3. Representative cationic, anionic and neutral 
detergents are also inhibitory and also show their 
highest activity in the presence of the undissociated 
form. 

4. The release of amino acids, pentose, inorganic 
phosphate and material absorbing at 260 my. from 
mycelium exposed to fatty acids and detergents has 
been followed under varying conditions of time, 
concentration of inhibitor and pH. 
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5. Release of these materials from mycelium 
treated with fatty acid was greatest at acid pH 
values, but change of pH had no significant effect 
upon the release by detergents. 

6. Incubation of mycelial pads of these fungi in 
the presence of arsenite leads to the accumulation of 
pyruvate and «-oxoglutarate together with traces of 
an unidentified «-keto acid. The yield of «-keto acids 
is increased by the presence of glucose in the 
medium. 
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ledge a gift of sodium fluoroacetate from Sir Rudolph 
Peters. 

REFERENCES 


Barlow, A. J. E., Chattaway, F. W. & Thompson, C. C. 
(1953). Biochem. J. 55, xxxi. 

Barron, E. 8. G., Ardao, M. I. & Hearon, M. (1950). 
Arch. Biochem. 29, 130. 

Bentley, M. L. (1953). J. gen. Microbiol. 8, 365. 

Cavallini, D., Frontali, N. & Toschi, G. (1949). 
Lond., 163, 568. 

Chattaway, F. W., Barlow, A. J. E. & Thompson, C. C. 
(1954). Biochim. biophys. Acta, 14, 583. 

Dagley, S., Fewster, M. E. & Happold, F. C. (1952). J. 
Bact. 63, 327. 

Danielson, I. S. (1933). J. biol. Chem. 101, 505. 

Dunn, C. G. (1937). Amer. J. Hyg. 26, 46. 

Fiske, C. H. & Subbarow, Y. (1925). J. biol. Chem. 66, 375. 

Friedemann, T. E. & Haugen, G. E. (1943). J. biol. Chem. 
147. 415. 


Nature, 


F. W. CHATTAWAY, C. C. THOMPSON AND A. J. E. BARLOW 


vances in Dermatology, 2nd ed., p. 282. 
Churchill. 

Hardwick, W. A., Guirard, B. & Foster, J. W. (1951). J. 
Bact. 61, 145. 

Hockenhull, D. J. D., Wilkin, G. D. & Winder, F. G. (1951). 
Nature, Lond., 168, 1043. 

Hotchkiss, R. D. (1946). Ann. N.Y. Acad. Sci. 46, 479. 

Hughes, D. E. (1951). Brit. J. exp. Path. 32, 97. 

Isherwood, F. A. & Jones, R. L. (1955). Nature, Lond., 175, 
419. 

Markham, R. (1942). Biochem. J. 36, 790. 

Mejbaum, W. (1939). Hoppe-Seyl. Z. 258, 117. 

Melton, F. M. (1951). J. invest. Derm. 17, 27. 

Miller, G. L. & Golder, R. H. (1950). Arch. Biochem. 29, 
420. 

Nickerson, W. J. & Chadwick, J. B. (1946). Arch. Biochem. 
10, 81. 

Partridge, 8S. M. & Brimley, R. C. (1952). Biochem. J. 51, 
628. 

Peck, 8. M. & Rosenfeld, H. (1939). J. invest. Derm. 1, 237. 

Quisno, R. & Foter, M. J. (1946). J. Bact. 52, 111. 

Salton, M. R. J. (1951). J. gen. Microbiol. 5, 391. 

Samson, F. E., Katz, A. M. & Harris, D. L. (1955). Arch. 
Biochem. Biophys. 54, 406. 

Stanley, W. M., Coleman, G. H., Greer, C. M., Sacks, J. & 
Adams, R. (1932). J. Pharmacol. 45, 121. 

Tate, P. (1929). Parasitology, 21, 31. 

Walker, C. G., Porter, C. L. & DeKay, H. G. (1952). J. 
Amer. pharm. Ass. (Sci. Ed.), 41, 77. 

Walker, T. K., Hall, A. N. & Hopton, J. W. (1951). Nature, 
Lond., 168, 1042. 

Wyss, O., Ludwig, B. J. & Joiner, R. R. (1945). Arch. 
Biochem. 7, 415. 


The Mechanism of the Reaction of Chymotrypsin 
with p-Nitrophenyl Acetate 


By H. GUTFREUND anp J. M. STURTEVANT* 
Department of Colloid Science, University of Cambridge 


(Received 9 December 1955) 


Hammond & Gutfreund (1955) have concluded 
from studies of the hydrolysis of acetyl-L-phenyl- 
alanine ethyl ester catalysed by chymotrypsin that 
at least twe steps occur during this reaction: first, 
an initial rapid adsorption of the substrate, and, 
secondly, a reaction involving an imidazole group 
of the enzyme and the carbonyl group of the sub- 
strate. Kinetic evidence showed that this latter 
reaction is rate-determining. Schaffer, May & 
Summerson (1953) have shown that during the 
inactivation of chymotrypsin with alkyl phosphates 
the hydroxyl group of one serine of the enzyme is 
phosphorylated. It remained to be decided whether 


* Permanent address: Department of Chemistry, Yale 
University, New Haven, Conn., U.S.A. 


the participation of the serine residue is restricted to 
the reactions involving irreversible inhibition of the 
enzyme or whether this group is also involved in a 
relatively rapid reaction step preceding or succeed- 
ing the rate-determining reaction with the imidazole 
group. 

Hartley & Kilby (1952, 1954) found that chymo- 
trypsin catalyses the hydrolysis of p-nitrophenyl 
acetate and that during the course of this reaction 
there occurs initially a rapid liberation of one mole 
of p-nitrophenol/mole of chymotrypsin followed by 
aslow hydrolysis. It has recently been shown by one 
of us (Gutfreund, 1955) that the initial rapid reaction 
can be followed by a stopped-flow method, and it 
was suggested that a detailed investigation of this 
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initial reaction would give information about a 
reaction step which might involve the acylation of 
the catalytic site of hydrolytic enzymes. 

The studies of the reaction of p-nitrophenyl 
acetate with chymotrypsin described in this paper 
were designed to show first whether the enzyme 
does in fact become acylated during the course of the 
catalysis, and secondly whether the pH dependence 
of the different steps permits one to draw any 
further conclusions about the particular groups of 
the enzyme involved in each of them. 


THEORETICAL 


The experimental results to be given below require for their 
detailed description a kinetic scheme involving two different 
enzyme-substrate complexes: 


k ky 


1 
E+S = (ES’) = (ES’),+P’, (1) 
ky k_s 
ks 
(ES’) = E+P’, (2) 
ks 
k kg 
(ES’) +H* = (ES’H"*); K,=>- (3) 
kg 1 


The formation of the second complex is accompanied by the 
liberation of the product P’ (p-nitrophenol). This complex 
exists in two forms, (ES”) and (ES”H*), only the former of 
which is capable of decomposing to give the product P” 
(acetate) with regeneration of enzyme. 

In the early stages of the reaction we may assume that 


k[ES’] > k_[ES’][P’] and &,[ES’] > k_[E][P’], 
where the quantities in square brackets represent the molar 
concentration of the corresponding species. If an adequate 
concentration of substrate is present, we may also employ 
the approximation introduced by Gutfreund (1955) and set 
[S]=[S],, where [S], is the initial substrate concentration. 
The steady-state approximation applied to (ES’) then leads 
to the result 


{(ke ¥ A) [Slo se kK} [E] = kK,,[E]o 
_eKulS]lEb [- {s+ 2B +k; i} ‘|, “ 
K m+ [S]o Ky, + [Slo 
where [E]) =[E] +[ES’] +[ES”], is the total enzyme concen- 
tration, K,, =(k_ +h,)/k,, kj =k, K,/{K,; +[H*]}, and ¢ is the 
time. The rates of appearance of the products are 


dP] ky 


V ge i [E] [S]o. 


d(P’] 1, »Kn+(Slo 
—— =k,[E], — k, ————— [E]. 
ag MEL - BEI 
Measurements of the rate of appearance of P’ at small 
values of ¢ can be employed to evaluate 
= (ke + A) [Slo + ky Km 
Kn * [Slo 
If such measurements are carried out at sufficiently high 
values of [S]p so that (k, +k) [S]p > kj.Km> (ko +k) and K,, 
42 


(5) 
(6) 


and 


k . (7) 
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can be evaluated in the usual way by means of a Lineweaver 
& Burk (1934) or an Eadie (1942) plot of the data for experi- 
ments at various values of [S]). 

In determining the rate of appearance of P’ at small values 
of t, we have employed the integral of equation (5), which is 
an expression of the form 


[P’] = At + B(1 —e-**), (8) 


where & is the quantity to be determined. It should be 
noted that, in the actual experiments, A in this equation 
includes contributions from spontaneous hydrolysis of the 
substrate and electrical drift as well as from k,. Data con- 
forming to an equation of this form can best be handled by 
an elaboration of the procedure suggested by Guggenheim 
(1926). Readings 7,, r, and r, (where r is any quantity 
linearly dependent on [P’]) are made at times ¢,, t; + At, and 
t, +2At. At should be three or four times the half-time of the 
reaction. It can be shown that if log |r, +73 —2r,| is plotted 
against ¢, for a series of such sets of readings (the series of ¢, 
values should cover one or two half-times of the reaction), 
a straight line of slope —/2-303 is obtained. It should be 
emphasized that it is impossible to prove the unique ad- 
herence of experimental data of usual accuracy to an 
equation of the form of (8) because the equation contains 
three adjustable parameters. Our data gave satisfactory 
linear plots in all cases, but we recognize that this in itself 
does not show that our proposed reaction scheme is correct. 
As discussed below, much more convincing evidence is 
obtained from the variation of k with [S]. 

Observations of the kinetics of hydrolyses catalysed by 
chymotrypsin have been in the past usually carried out at 
times long enough so that the exponential term in equation 
(4) can be neglected. In these circumstances 


y PAP] kSIoL Ely ‘i 
dt dé = (ka +k3)([Sh+k3 Km 
Application of the Lineweaver—Burk or Eadie plots to data 


at various values of [S]) will then give the apparent con- 
stants 


; k 
Km (app. “—i Km (10) 
1 1 1 
and —=~——_ =——+—. (11) 
ky (app.) ky ks 


Equations (10) and (11) illustrate that care must be exercised 
in the interpretation of kinetic data for complex reactions. 
In particular, it is almost always assumed that one particular 
step is rate-determining for the overall process, whereas, 
as shown by equation (11), it may well happen that an 
apparent rate constant is actually a composite of two or 
more true rate constants. It will be shown below that with 
p-nitrophenyl acetate k,>k;, so that in this particular case 


- ks |, K; 5 
K,, am) =. Km K.+ [H*] (12) 
K; 
and Kap) == ~_, (13) 
3 (app.) ° K,+(H"*] 


In our measurements of the rate of the reaction of equation 
(2), ke[S]o > &3 Kp ; in these circumstances 
, x K; 
V =k,[E]y K,+18 y 
Bioch. 1956, 63 
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EXPERIMENTAL 


Buffers. Except where otherwise noted, all reaction 
solutions contained phosphate buffer at 0-05m total 
phosphate concentration made up from H,PO, and NaOH. 

Enzyme. The «-chymotrypsin was a preparation, kindly 
supplied by Dr B. S. Hartley, that had been recrystallized 
several times. 

Substrate. The p-nitrophenyl acetate was generously 
supplied to the authors by Dr W. N. Aldridge. 

Solvent. Most of the experiments were performed in 20% 
(v/v) isopropyl alcohol solutions, in order to increase the 
solubility of the substrate. 

Stopped-flow technique. The Gibson (1952) stopped-flow 
apparatus was used to measure the changes in light- 
absorption accompanying the second reaction in equation 
(1). The apparatus, as modified by Gutfreund (1955), was 
further modified by inclusion of electrical heating and a 
very rapidly responding thermocouple immersed in the 
fluid just beyond the observation cell, with which a positive 
measure of the actual reaction temperature was obtained. 
All experiments in the stopped-flow apparatus were 
performed at 25-0+0-2°. 

The half-times of the reactions observed here were of the 
order of 1 sec., so that it was convenient to employ a pen- 
and-ink recorder in place of oscillographic recording. For 
this purpose, the output of a cathode-follower stage after 
the photomultiplier tube was amplified by a stable d.c. 
amplifier and fed to a Type BL 201 (Brush Electronics Co., 


@ 50 % complete 


log (ry +3 —2r2) 





0 04 08 
t, (sec.) 


Fig. 1. A plot toillustrate the modified Guggenheim method 
of evaluating the rate constants of the acylation reaction. 
The symbol r is a measure in arbitrary units of the concen- 
tration of p-nitrophenol. The reaction mixture contained 
0-05m sodium phosphate, pH 7-75, 20% (v/v) tsopropyl 
alcohol, and 1-15 mg. of Se the initial 
concentration of p-nitrophenyl acetate was 5 x 10-°M. 
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Cleveland, Ohio) recorder with a chart speed of 5 or 25 mm./ 
sec. It was ascertained that the amplifying and recording 
system was accurately linear, and, by means of experiments 
on the charging of a known capacitance through a known 
resistance, that the speed of response was adequate for the 
present purpose. 


RESULTS 


Evaluation of k,. The reaction described by 
equation (1) was studied by following the liberation 
of p-nitrophenol at times sufficiently small so that 
the exponential in equation (4) could be evaluated. 
These rate measurements were carried out by the 
stopped-flow technique described above. A typical 
experiment is represented by the modified Guggen- 
heim plot (see p. 657) in Fig. 1. Fig. 2 shows a 
Lineweaver & Burk (1934) plot of rate measure- 
ments on this time scale. These values were ob- 
tained at pH 6-45 and 7-7 in solutions which were 
0-05 with respect to sodium phosphate and con- 
tained 20% (v/v) of csopropyl alcohol. The range 
of [S],, the initial concentration of p-nitrophenyl 
acetate, was 0-25 x 10-°m to 5 x 10-3. 

The reciprocal of the limiting velocity 1/V,,,, is 
obtained from the evaluation of the intercept at 
1/[S]o=0 of a plot of 1/[S]) against 1/V (Fig. 2). 
The least-square calculations give at pH 7-75 
Vinx. = 3°3 +03 (S.E.) sec. and at pH 6-45 







2 
20 
18 
16 
14 


12 
1/V 
10 


10-3/[S]o 

Fig. 2. Effect of [S], initial concentration of p-nitrophenyl 
acetate, on the velocity (V) of the initial liberation of 
p-nitrophenol in the hydrolysis of p-nitrophenyl acetate 
catalysed by chymotrypsin at pH 6-45 (O) and pH 7-75 
(@). The reaction mixture was 0-05 in sodium phosphate 
and contained 20% (v/v) isopropyl alcohol. The enzyme 
concentration was 1-15 mg. of chymotrypsin/ml. 
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Vinax. = 3°04 0-3 sec.-1. The K,, values are 7-7 
(+ 0-8) x 10-3 and 1-6 (+0-16) x 10-? at pH 7-75 
and 6-45 respectively. This is a first-order re- 
action and is therefore independent of enzyme 
concentration; so in this case the mean value 
for V,,,,. is taken as the first-order rate constant 
k,= 3-15 sec.—*. 

Evaluation of k,. The reaction of equation (2) 
was studied by following the rate of formation of 
p-nitrophenol at times large enough so that the 
exponential in equation (4) could be neglected. For 
this purpose we used a Unicam spectrophotometer 
at 27°. The reference solution was identical with 
the reacting solution except that it contained no 
enzyme; in this way no separate correction need 
be applied for the spontaneous hydrolysis of p- 
nitrophenyl acetate. Rate measurements were 
made over the range of pH 6-45 to 7-75: reaction 
mixtures were 0-05M in sodium phosphate and con- 
tained 20 % (v/v) isopropyl alcohol; the initial con- 
centration of p-nitrophenyl acetate was in each 
case 2-5x 10-°m, and the enzyme concentration 
0-115 mg./ml. Fig. 3 gives the results of measure- 
ments of the rates (V) of hydrolysis in the form 
of a plot of 1/V against [H*]. The turnover number 
or rate constant k,=2-54x 10-* sec.-! has been 
calculated from the extrapolated value 


1/V =0-079 x 10° sec. m-!_ at [H*t]=0, 
with the molecular weight 23000 for chymotrypsin. 


06 


04 


1078/y 


02 


2 
10’[H*] 


Fig. 3. A plot of H* concentration against the reciprocal 
of the velocity V of the final step of the hydrolysis 
of p-nitrophenyl acetate catalysed by chymotrypsin. 
The reaction mixture was 0-05m in sodium phos- 
phate and contained 20% (v/v) isopropyl alcohol. 
The initial concentration of p-nitrophenyl acetate was 
2:5 x 10-m and the enzyme concentration 1-115 mg. of 
chymotrypsin/ml. 
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DISCUSSION 


The most important conclusions from our extension 
of the studies of Hartley & Kilby (1954) of the 
hydrolysis of p-nitrophenyl acetate catalysed by 
chymotrypsin are that the reaction proceeds via 
three-distinguishable steps with rate constant k,, k, 
and k, [see equations (1)—(3)]. The rate constant k, is 
too large to be measured by the method employed 
here, k, is 3-02 sec.—! at 25° and k, is 2-54 x 10-7 sec.-? 
at 27°. Furthermore we have shown that the step 
involving k, has a pH dependence similar to that 
of the usual overall rate of hydrolysis reactions 
catalysed by chymotrypsin. The value of 


K,=0-52 x 10-7, 


for the dissociation constant of the basic group 
involved in the reaction step characterized by kg, is 
somewhat lower than the value K;=1-4x 10-7m 
obtained by Hammond & Gutfreund (1955) for the 
dissociation constant of the catalytic site in the 
hydrolysis of acety]-L-tyrosine ethyl ester catalysed 
by chymotrypsin. However, the different solvent 
and electrolyte composition of the reaction mixtures 
in the two investigations do not allow such a 
detailed comparison of the results. The rate measure- 
ments for the study of the effect of pH on k, were 
all carried out at one substrate concentration 
([S]o=2-5x 10-*m). It is justifiable to assume 
zero-order kinetics under these conditions, since the 
Michaelis constant K,,,,,) for this reaction [see 
equations (10)-(12)] can be evaluated, and is 
always smaller than 1-35 x 10-*M. 

In recent summaries of all the available informa- 
tion about the catalytic site of chymotrypsin 
(Hammond & Gutfreund, 1955; Jandorf, Michel, 
Schaffer, Egan & Summerson, 1955), it has been 
pointed out that an imidazole group of histidine is 
essential for the rate-determining step. Balls & 
Jansen (1952) discovered that during the irre- 
versible inhibition of chymotrypsin with diiso- 
propyl fluorophosphate (diisopropyl phosphoro- 
fluoridate) a single diisopropyl phosphate group is 
attached to each chymotrypsin molecule. Subse- 
quently, Schaffer et al. (1953) isolated dizsopropyl 
phosphoserine from the enzymic hydrolysate of 
chymotrypsin inhibited with ditsopropyl fluoro- 
phosphate. Up to now there has been considerable 
doubt whether this information proved that serine is 
involved in one of the reaction steps of hydrolysis 
catalysed by chymotrypsin or whether the presence 
of phosphoserine was due to an artifact of the 
reaction with this type of inhibitor or to an acyl 
migration from an imidazole group of histidine to 
a hydroxy] group of serine. 

In our reaction scheme [equations (1), (2) and (3)] 
(ES’) is a rapidly formed complex and (ES”) is the 
enzyme containing one acetyl group. The evidence 


42-2 
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for the existence of (ES’) is provided by the fact 
that the formation of (ES”) cannot be described by 
second-order kinetics, but requires the Michaelis— 
Menten interpretation. The evidence available at 
present makes it appear very probable that in (ES”) 
the hydroxyl group of a serine residue is acetylated. 

The step represented by equation (2) is intra- 
molecularly catalysed by an imidazole residue, 
which must be in its uncharged form to be effective. 
The rate of this step, which is frequently the overall 
rate-determining step, thus depends on pH in the 
manner demonstrated by Hammond & Gutfreund 
(1955). The step characterized by the rate constants 
k, and k_, may also be affected by intramolecular 
catalysis; the fact that its rate is independent of pH 
over the range 6-45—7-75 would indicate that the 
group causing the catalysis is unaffected in this 
range by changes in pH. This group might thus be 
either a carboxylate ion or an undissociated basic 
group. 

The experiment illustrated in Fig. 4 constitutes 
further support for the mechanism outlined in 
equations (1)-(3). In this experiment p-nitro- 
phenol served as the only buffer present. If the 
acylation step involves either an SH or an OH 
group in the enzyme, there will be liberated one 
molecule of p-nitrophenol/molecule of enzyme 
acylated, and at pH 6-6 part of this would be in the 
form of the coloured nitrophenoxide ion. On the 
other hand, if the acylation involves a basic group, 
there will be liberated, in addition to the p-nitro- 
phenol, an amount of H* ion corresponding to the 
degree of dissociation of the basic group involved. 
In view of the fact that at pH 6-6 all basic groups 





Change in p-nitrophenoxide ion concn 
(arbitrary units) 


' 8 16 24 
Time (sec.) 

Fig. 4. Variation with time of the concentration (in 
arbitrary units) of p-nitrophenoxide ion during the 
hydrolysis of p-nitrophenyl acetate catalysed by chymo- 
trypsin in 10-%m p-nitrophenol, pH 6-6. The curve 
includes the initial rapid liberation of p-nitrophenol and 
a small fraction of the subsequent slow step. The reaction 
mixture contained 20% (v/v) isopropyl alcohol, and 
1-15 mg. of chymotrypsin/ml.; the initial substrate con- 
centration was 2-5 x 10-3M. 
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except that of histidine would be essentially undis- 
sociated, and that the rate of the acylation has been 
shown to be independent of pH, the increase of 
absorption observed in the early part of the reaction 
may be taken as direct evidence that the acylation 
involves either an SH or an OH group. 

The overall hydrolysis reaction at pH 6-6 is 


O,N.C,H,.0.CO.CH,+H,0 > x0,N.C,H,O 
+(1—2z)O,N.C,H,.OH + CH,.CO,” + (1+2)H* 
(15) 


The protons liberated in the hydrolysis combine 
with the buffer present, in this case p-nitrophenol, 
so that, as long as the buffer concentration is not 
appreciably changed by the reaction, exactly one 
molecule of nitrophenoxide ion is removed from the 
system for each molecule of substrate hydrolysed. 
This process is demonstrated by the decrease in 
absorption observed after the completion of the fast 
acylation. The relatively high slope of the last step 
in the reaction is due to the fact that it corresponds 
to the removal of fully coloured ions, whereas in the 
rapid step only a small fraction of the liberated 
nitrophenol is in the form of the coloured ions. 

The rate constant of the fast step is found to 
be 0:20 sec.-!, which is approximately one-half 
that observed at the same substrate concentration 
in phosphate buffer at nearly the same pH. This 
decrease in rate is very probably the result of 
competitive inhibition by the relatively large con- 
centration of p-nitrophenol present. The following 
argument eliminates the possibility that it is to any 
important extent due to reversal of the acylation 
step. The method of calculation of the rate constant 
for this step leads actually to k,+k_,[P’], since the 
reverse reaction may be considered as first-order in 
cases where P’ remains essentially constant, as in 
the experiment under discussion. Increasing [P’] 
should thus actually have increased the observed 
apparent first-order rate constant. Further measure- 
ments would be required to eliminate the possibility 
that a small increase due to this cause was over- 
whelmed by the effect of competitive inhibition. 

We believe that the kinetic scheme proposed here 
is an adequate foundation for explanation of all 
known facts concerning hydrolyses catalysed by 
chymotrypsin and that the evidence presented in 
this paper proves that the a covalent bond between 
enzyme and substrate is formed to yield the 
acylated complex (ES”). 


SUMMARY 


1. It is shown that the kinetics of the hydrolysis 
of p-nitropheny] acetate catalysed by chymotrypsin 
can be fully described by a mechanism involving 
three distinct steps. The first step, which involves 
the rapid adsorption of the substrate,on the enzyme, 
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is too fast to be measured by the methods used. The 
second step, which involves the acylation of the 
enzyme and the concomitant liberation of p- 
nitrophenol, is characterized by the rate constant 
k, = 3-15 sec.—!. The third step involves the libera- 
tion of acetate and reactivation of the enzyme; the 
rate of this reaction is defined by k, = 0-0254 sec.—1. 

2. The rate constant k, for the second step is, 
within experimental error, the same at pH 6-45 and 
pH 7-75; from this and other available evidence it is 
suggested that it involves the acetylation of the OH 
group of a serine residue in the enzyme. The third 
step has a pH dependence similar to that previously 
found for the overall rate of reactions catalysed by 
chymotrypsin, and it is suggested that it involves the 
imidazole group of a histidine residue of the enzyme. 

The work described in this paper was carried out during 
the tenure by one of the authors (J.M.S.) of a Fulbright 
Scholarship and a Guggenheim Fellowship. The other 
author (H.G.) is an Imperial Chemical Industries Research 
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Fellow of the University of Cambridge. The authors are 
indebted to Dr B. S. Hartley for valuable comments. 
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Biochemical Changes Occurring during Sporulation in Bacillus Species 


By JOAN F. POWELL anp R. E. STRANGE 
Microbiological Research Department (Ministry of Supply), Porton, Wiltshire 


(Received 19 December 1955) 


We have shown that spore germination in Bacillus 
species is accompanied by the excretion of calcium 
dipicolinate (Powel! & Strange, 1953; Powell, 1953) 
and a non-dialysable peptide containing «e-diamino- 
pimelic acid (DAP), glutamic acid, alanine, and the 
acetyl derivatives of glucosamine and an unidenti- 
fied amino sugar (Strange & Powell, 1954). This 
peptide is probably derived from the spore coat 
(Strange & Dark, 1956). We have now studied the 
synthesis of dipicolinie acid and the accumulation 
of caleium by sporulating cells of Bacillus cereus and 
B. subtilis. It seems possible that dipicolinic acid is 
derived from DAP by deamination followed by ring 
closure and dehydrogenation, especially since 
conversion of lysine into pipecolic acid has been 
demonstrated (Rothstein & Miller, 1953; Lowy, 
1953). Evidence supporting this possibility has 
recently been supplied by Perry & Foster (1955). 
These authors isolated [!4C]dipicolinie acid from 
spores produced ‘endogenously’ in a medium con- 
taining totally labelled [44C]DAP and found that it 
was significantly more radioactive than any of the 
twelve amino acids also isolated. We have been 
unable to demonstrate deamination or oxidation of 
DAP by sporulating cells of B. cereus or any signifi- 
cant change in the amount of DAP present in the cell 


during sporulation. We found, however, that during 
sporulation an apparent change in distribution of 
DAP and of hexosamine between the soluble and 
insoluble fractions of the cell occurred. This 
change, and its connexion with the excretion of the 
spore peptide during germination, will be discussed. 


METHODS 


For observations on the accumulation of dipicolinic acid and 
calcium during sporulation, the laboratory strain of B. 
cereus was grown in a potato-extract medium (Robinow, 
1951) enriched with 1/10 vol. of a solution containing acid 
and trypsin-hydrolysed casein, yeast extract, glycerophos- 
phate and glutamine (CCY) (Gladstone & Fildes, 1940). 
Cultures were grown in 11. flasks containing 200 ml. of 
medium inoculated with 10° spores/ml. and shaken during 
incubation. Cells were harvested at various stages of growth 
and sporulation, washed once with 0-9% (w/v) NaCl, then 
suspended in water and freeze-dried. Suspensions containing 
2 mg. dry wt. of cells/ml. were disintegrated in water for 
45-60 min. at 4° in the Mickle (1948) tissue disintegrator 
with Ballotini beads, size 12. The clear cell extract obtained 
by centrifuging at 6000 g, was deproteinized with 2-5% 
(w/v) HClO,, then neutralized and buffered with 50 mm 
sodium potassium phosphate, pH 7-3. At this stage the 
volume of extract was adjusted so that 1 ml. contained 
the soluble fraction from 1 mg. of cells. The ultraviolet 
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absorption spectrum of theextract was then measured in the 
range 255-280 mu. at 25 mu. intervals. The calcium content 
of 20-30 mg. of dried cells was determined by ashing at 
550° for 12 hr., dissolving the ash in dilute HCl, and pre- 
cipitating calcium as oxalate which was then titrated with 
KMnO, (Kramer & Tisdall, 1921). The iron content of 
the ash was determined by the a«’-dipyridyl method 
(Thorp, 1941). A similar series of analyses were made on 
sporulating cultures of a laboratory strain of B. subtilis 
and B. cereus NCTC 8035 grown in liquid, shaken, CCY 
medium. 

At various stages of growth and sporulation, whole cells 
and the soluble and insoluble fractions from disintegrated 
cells were hydrolysed with 6N-HCl for 16 hr. at 106° in 
sealed tubes. The amino acid content of these hydrolysates 
was determined by the paper-chromatographic method of 
Consden, Gordon & Martin (1944) with collidine and phenol 
as solvents. In these experiments, the distribution of DAP 
in the ceil became of special interest. To separate, and 
assess roughly the amount of DAP present, hydrolysates 
containing 3-6 mg. of cell material were streaked on to 
Whatman no. 31 acid-washed paper, and run with collidine— 
lutidine-water for 48 hr. Papers spotted with synthetic 
DAP were run in parallel. The papers were dried for several 
hr. at room temperature, heated at 100° for 30 min., then 
examined in ultraviolet light. Fluorescent bands in corre- 
sponding positions to those taken up by the synthetic DAP 
were marked and cut out. These strips were macerated in 
water in small sintered-glass filters (porosity 5/3) and the 
filtrate and washings dried. The dried eluates were redis- 
solved in a small volume of water, so that 20 yl. of solution 
contained the equivalent of 500 yg. of cell material present 
in the original hydrolysate. The eluates were applied to 
Whatman no. 1 paper in suitable amounts, usually 20 pl. 
quantities, and run for 18hr. in the solvent system: 
pyridine—methanol-cone. HCl-water (10:80:2-5:17-5, by 
vol.) (Rhuland, Work, Denman & Hoare, 1955). The papers 
were then air-dried and dipped into ninhydrin solution 
(0-1%, w/v, in acetone). The DAP was readily detected by 
its characteristic olive-green colour changing gradually to 
bright yellow. A rough estimate of the amount present was 
made by comparison with standard quantities of DAP 
between 5 and 20g. Under the above conditions, synthetic 
DAP prepared by the method of Sorenson & Andersen 
(1908) gave a main spot (meso+pp) and a more rapidly 
moving weaker spot (LL) (Rhuland ef al. 1955). A sample of 
naturally occurring meso DAP isolated from Corynebacterium 
diphtheriae was kindly provided by Dr E. Work. 

The hexosamine present in cell hydrolysates was deter- 
mined by the method of Elson & Morgan (1933) with the 
modification of Immers & Vasseur (1950). 

The oxygen intake of cultures was determined by the 
Warburg technique. The carbohydrate concentration in the 
medium was determined by the method of Sorenson & 
Haugaard (1933), and total nitrogen by the Kjeldahl 
method. The medium was also examined for amino acid 
content by the standard chromatographic methods 
(Consden et al. 1944) and for keto acids by the method of 
El Hawary & Thompson (1953). 

The adenosine deaminase and ribosidase activity of 
washed, freeze-dried disintegrated cells of B. cereus was 
determined at various stages of growth and sporulation 
by methods previously described (Powell & Hunter, 
1956). 
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RESULTS 


Appearance of sporulating cultures of the 
laboratory strain of B. cereus 


The potato extract-CCY medium produced 
vigorous growth and remarkably rapid and com- 
plete sporulation of the laboratory strain of B. 
cereus. It was therefore suitable for a study of the 
changes in the composition of the cell during sporu- 
lation, but was itself too complex for complete 
analysis (see below). In these cultures, the first 
signs of sporulation observed in heat-fixed films 
stained with carbol fuchsin, nigrosin and methylene 
blue occurred after growth for 13-14hr. At this 
stage (Pl. 3, 1) a small, round, non-refractile, pink- 
staining area appeared in many cells (indicated by 
pin Pl. 3,1). At 17 hr. (Pl. 3, 2) most cells contained 
a refractile, ovoid, developing spore (indicated by 
sin Pl. 3,2). At 20 hr. the spores were still attached 
to the remains of the sporangium, and at 30 hr. the 
culture consisted almost entirely of clean, free spores 
(Pl. 3, 3). Films stained with Sudan black indicated 
the presence of several fat-containing bodies in each 
cell in non-sporulating cultures. These bodies 
appeared to coalesce as the sporulation process 
began and to disappear as the spore matured. The 
changes just described were typical of the bulk of 
the culture, although there was some variation in 
the behaviour of individual cells as can be seen in 
Pl. 3, 1 and 2. 


Changes in the medium during growth and 
sporulation of the laboratory strain of B. cereus 


The starting medium contained (w/v) 0-:18% 
carbohydrate mainly as starch, and 0-037% 
nitrogen of which approximately 40 % was ammonia 
nitrogen. All the common amino acids were present 
both free and in combination. Growth factors and 
purine- and pyrimidine-containing compounds were 
doubtless also present, but were not assessed. 

In three cultures of B. cereus showing the first 
stages of sporulation, the carbohydrate had fallen to 
25, 15 and 13% of the starting value. The corre- 
sponding values for total nitrogen were 50, 67 and 
69%. At this stage, free amino acids had fallen 
to approximately 10%, and ninhydrin-positive 
material after hydrolysis to 50% of the starting 
concentration. During the next 6hr., when the 
cultures were sporulating strongly, free amino acids 
disappeared, and ninhydrin-positive material after 
hydrolysis fell to roughly 10% of the starting con- 
centration. During this 6 hr. period, there was a 
further slight fall in carbohydrate concentration to 
20, 14and 12 % of the starting value. Total nitrogen 
values also fell further to 40, 59 and 61% of the 
starting value. At 30hr., when the culture con- 
sisted of free spores, the total nitrogen content of the 











BIOCHEMICAL JOURNAL, VOL. 63, NO. 4 PLATE 3 


156 
” a 





he 
ru- 
ste 
rst 
ms 
ne 
1is 


| 


3 


i } - 

? i : r i i “'Yy ; "es 23 7 ir 
Bacillus cereus cells ( x 1420) from cultures of varying ages in potato-CCY medium. (1) 14 hr. culture: cells showing first 

, signs of sporulation. The pink-staining areas (p) probably develop into spores. (2) 17 hr. culture: most cells 

; contain developing spores (s). (3) 30 hr. culture: sporulation is complete and spores are free of sporangia. 

> 

: JOAN F. POWELL anp R. E. STRANGE—BI0CHEMICAL CHANGES OCCURRING 

> 


\ DURING SPORULATION IN BACILLUS SPECIES 
(Facing p. 662) 














Vol. 63 


medium had increased, as a result of the shedding 
and lysis of the sporangia. During sporulation, the 
oxygen consumption of the culture dropped steadily 
from 6-8 yl./ml./min. at 12 hr. (pH 6-8) to 1-6 at 
20 hr. (pH 7-6). At 30 hr. no oxygen uptake could 
be detected. A typical set of analyses is illustrated 
in Fig. 1. 

It appeared that in cultures of B. cereus, keto 
acids accumulated in the medium prior to the onset 
of sporulation. The 2:4-dinitrophenylhydrazine 
derivatives were isolated from the medium at 
various stages of growth and sporulation. In this 
culture, sporulation began at 14 hr. and was com- 
plete at 18-5 hr. The separation between the oxalo- 
acetic and 2-oxoglutaric acid derivatives on paper 
chromatograms was poor under the conditions of 
this experiment (30 hr. in butanol-ethanol—am- 
monia). The derivatives were eluted and their 
absorption spectra compared. The spectra of the 
derivatives prepared from the medium showed 
absorption maxima characteristic of both the 2- 
oxoglutaric and oxaloacetic acid derivatives. The 
medium itself before inoculation gave dinitro- 
phenylhydrazones occupying corresponding posi- 
tions on the chromatogram to those taken up by the 
2-oxoglutaric and oxaloacetic acid derivatives. We 
feel unable to give reliable quantitative results 
from this and similar experiments, apart from a 
rough assessment of the keto acid concentration as 
of the order of 10-4M. 

A laboratory strain of B. subtilis was grown in the 
chemically defined glucose-ammonium lactate 
medium devised by Hart & Hills (1947), in which 
sporulation began after approximately 20 hr. 
growth. This medium before inoculation gave a 
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Fig. 1. Carbohydrate (O) and nitrogen (@) content of 
potato-CCY medium during growth and sporulation of 
B. cereus, expressed as percentages of initial values. 
Oxygen uptake (x) as pl. of O,/min./10 ml. of culture. 
pH values (9), x10. Onset of sporulation at 14 hr. 
Sporulation proceeding strongly at 16 hr. 
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completely blank reaction with 2:4-dinitrophenyl- 
hydrazine. At 16hr. there was a very marked 
synthesis of keto acid to a concentration of approxi- 
mately 10-*m and, in this case, the absorption 
spectrum of the eluted 2:4-dinitrophenylhydrazone 
closely resembled that of 2-oxoglutaric acid. 


Accumulation of dipicolinic acid and calcium by 
sporulating cells of B. cereus and B. subtilis 


The absorption spectra of cell extracts made at 
various stages of growth and sporulation of the 
laboratory B. cereus are shown in Fig. 2. Very similar 
spectra were obtained with extracts from B. cereus 
NCTC 8035 and a laboratory strain of B. subtilis, 
although, since sporulation and lysis of the sporangia 
was less complete in these cultures (see below), the 
dipicolinate spectrum was not so well developed. 
Values for the calcium and iron content of sporulat- 
ing cultures of the three organisms are shown in 
Table 1. The intake of calcium by sporulating cells 
closely followed the synthesis of dipicolinie acid. 
From Table 1 and PI. 3, 1—3, it would first appear 
that in the laboratory strain of B. cereus, both 
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Fig. 2. Ultraviolet-absorption spectra of extracts from 
B. cereus cells at various stages of growth and sporulation 
in potato-CCY medium. Extracts contained the equiva- 
lent of 1 mg. (dry wt.) of cells/ml. Light path 1 cm. 
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664 J. F. POWELL AND R. E. STRANGE 
Table 1. Accumulation of calcium and iron by sporulating cells of B. cereus and B. subtilis 
Calcium Tron content 
Age of culture content of cells of cells 
Organism (hr.) Appearance of culture (mg./100 mg.) (mg./100 mg.) 

B. cereus (laboratory 12 Vegetative 0-54 0-005 
strain) 14-5 Sporulation beginning 0-54 0-006 
16-5 Spores developing in sporangia 0-89 0-005 
17-5 Spores developing in sporangia 1-13 0-007 

18-5 Spores developing in sporangia 1-30 —_ 
30 Free spores 4-65 0-025 

B. subtilis (laboratory 16 Vegetative 0-20 — 
strain) 24 Vegetative 0-20 0-035 
40 Sporulation beginning 0-67 0-065 
48 Spores developing in sporangia 1-18 0-065 
64 Sporulation, and lysis of 1-45 0-128 

sporangia incomplete 

B. cereus NCTC 8035 16 Vegetative 0-20 0-023 
24 Sporulation beginning 0-30 0-029 
29 Spores developing in sporangia 0-87 0-028 
48 Sporulation, and lysis of 1-00 0-032 


sporangia incomplete 


ealcium and dipicolinic acid were built up most 
rapidly at a comparatively late stage of the sporula- 
tion process, i.e. during the maturation and freeing 
of the spore. It seems likely, however, that this 
was an effect produced by the shedding and lysis 
of the sporangia, and that the accumulation of 
calcium and dipicolinic acid was completed at an 
earlier stage. There was also a marked increase in 
the iron content of cells of the laboratory B. cereus 
and B. subtilis during sporulation, and a slight 
increase in sporulating cells of B. cereus NCTC 8035 
(Table 1). 

The above results, and a consideration of the 
structure of dipicolinic acid, led us to test the chelat- 
ing ability of this compound with various metals. 
Titration curves, reproduced in Fig. 3, indicated 
that calcium, copper, nickel, iron and manganese 
were strongly chelated, and magnesium only 
weakly so. 


Distribution of DAP in sporulating cells 


From an examination of two-dimensional paper 
chromatograms, we could find no striking change in 
the amino acid composition of whole-cell hydroly- 
sates during growth and sporulation of B. cereus. 
There appeared to be no appreciable variation in 
the amount of DAP present in these hydrolysates. 
When, however, a comparison was made between 
the amino acid compositions of the soluble and 
insoluble fractions of the cell, a very striking 
change in distribution of DAP and also of hexos- 
amine between these fractions appeared to occur 
during sporulation. Thus in vegetative cultures, 
DAP and hexosamine were associated with the 
insoluble fraction, whereas, in disintegrated sporu- 
lating cultures and spore suspensions, these com- 
pounds were present in the soluble extract. By using 
the method of separation described above (Methods) 





4 6 8 10 
0-1 N-NaOH (ml.) 
Fig. 3. Titration curves of 25 ml. of 0-02 dipicolinic acid 
(@); with 25 ml. of 0-01mM-MgSO, (O); with 25 ml. of 
0-01 m-CaCl, ( x); with 25 ml. of 0-01M-CuSQ, ((). 


roughly quantitative determinations of the DAP 
content of the soluble and insoluble cell fractions 
were made, at various stages of growth and sporula- 
tion. The hexosamine content of these hydrolysates 
was also measured. The results of two such experi- 
ments are given in Table 2. In all the cell hydro- 
lysates from B. cereus DAP occupied a correspond- 
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Table 2. Change in distribution of DAP between the insoluble and soluble fraction of B. cereus cells 
during sporulation 





- Whole cells Insoluble fraction Soluble fraction 
et ent ss ‘ = ca 
Hexosamine Hexosamine Hexosamine 
Age and appearance of cultures (g./100 g. dry wt.) DAP* (g./100 g. dry wt.) DAP* (g./100 g. dry wt.) DAP* 
12 hr. Vegetative 7-6 + 32 ++ 2-0 - 
14hr. Vegetative 8-0 + 24 ++ 1-3 = 
16 hr. Sporulation beginning 9-6 + 30 + + 1-4 = 
18 hr. Most cells sporulating 9-0 + 28 + 4-0 Traces 
30 hr. Free spores 9-2 + 2-4 - 12 oF 
6hr. Vegetative 13 - 38 tot 3-7 - 
12 hr. Vegetative 12 + 37 ++ 2-2 = 
l4hr. First signs of sporulation 13 + 35 ++ 4-4 = 
16 hr. Sporulating 13 + 4-8 Traces 8-4 + 
18 hr. Sporulation almost complete 13 + 3-2 Traces 12 + 
36 hr. Free spores 8-1 + 1-8 - 9-2 + 


* ++4+,24%; +,1%; —, none detected in 1 mg. 


ing position on the chromatogram to that taken up 
by the meso and pp isomers of the synthetic com- 
pound. These results suggested that hexosamine 
and DAP were either (a) already soluble or only 
loosely bound to the insoluble fraction of sporulating 
cells, or (6) split off from the insoluble fraction of 
sporulating cells by a lytic system which was not 
present in vegetative cells. These possibilities are 
not, of course, mutually exclusive. 

We have already shown that when resting spores 
of Bacillus species germinate or are disintegrated 
mechanically, a soluble non-dialysable peptide is 
freed (Strange & Powell, 1954). The constituents of 
this peptide are DAP, glutamic acid, alanine, and 
the acetyl derivatives of glucosamine and an un- 
identified amino sugar. It has been suggested 
(Strange & Dark, 1956) that this peptide is freed 
from the spore cuat by the action of an enzyme 
present in the spore and resembling lysozyme. It 
therefore became of interest to determine whether 
the extract from spores or sporulating cells had a 
digestive effect upon the insoluble fraction from 
non-sporulating vegetative cells, and whether 
during this process soluble material containing 
DAP and hexosamine was liberated. 

A suspension of washed, sporulating cells 
equivalent to 10 mg. dry wt. of cells/ml. from an 
18 hr. culture of B. cereus was disintegrated, and the 
extract filtered through sintered glass (porosity 5/3). 
The insoluble fraction (5-26 mg.) from a 12 hr. 
vegetative culture was incubated for 16 hr. at 37° 
with the filtered extract (2 ml.), then washed three 
times with water, dried and weighed. It was found 
that a 47 % decrease in dry weight had occurred. As 
a control, 5-03 mg. of the insoluble fraction was 
incubated with water, then washed and dried. In 
this case, a decrease in dry weight of 15 % occurred. 
Paper chromatography indicated that the hexos- 
amine and DAP content of the extract increased 
markedly during incubation with the insoluble 
fraction. 


In a similar experiment, 10 mg. of the washed 
insoluble fraction from a 12 hr. vegetative culture 
was incubated for 16 hr. at 37° with the filtered 
extract (3 ml.) from sporulating cells of an 18 hr. 
culture (10 mg. dry wt. of cells/ml.). The suspension 
was then centrifuged, and the supernatant filtered 
through sintered glass. A measured volume of the 
clear supernatant was dried at 80°, hydrolysed with 
6N-HCl (0-2 ml.) for 20 hr. at 106°, and its hexos- 
amine content determined. The amount of hexos- 
amine liberated from 10mg. of the insoluble 
fraction, after correcting for the hexosamine already 
present in the extract, was 2-0 mg. When 10 mg. of 
the insoluble fraction was incubated with water, 
0-23 mg. of hexosamine was liberated. If it is 
assumed that the liberated hexosamine was present 
in a complex similar in constitution to that of the 
spore peptide, which contains approximately 40% 
of hexosamine (Strange & Powell, 1954) the above 
result would indicate a 50 % decrease in dry weight 
of the insoluble fraction. This calculated value 
corresponds well with that obtained in the first 
experiment, i.e. 47 %. 

The hexosamine-liberating activity of a series of 
extracts prepared from B. cereus cells (10 mg. dry 
wt. of cells/ml.) at various stages of growth and 
sporulation was next tested on the washed insoluble 
fraction from disintegrated cells of a 12 hr. culture. 
Tubes containing 3mg. of insoluble substrate 
suspended in 1 ml. of glass-filtered extract, and one 
drop of toluene, were sealed off and incubated at 
37° for 48 hr. The suspension was centrifuged and 
0-2 ml. of the supernatant was dried at 90°, then 
hydrolysed with 0-1 ml. of 6N-HCl. The hexosamine 
content of this hydrolysate was determined. The 
hexosamine content of the hydrolysed extract, and 
of the supernatant after incubation of the insoluble 
fraction in water, was also measured. The results of 
this experiment are shown in Table 3. The hexos- 
amine content of the extract and also its ability to 
liberate hexosamine-containing material increased 
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as sporulation proceeded. The extracts from 6 and 
12 hr. cultures contained very little hexosamine and 
did not attack the insoluble substrate. Negative 
values for hexosamine liberation were in fact ob- 
tained with these two extracts due, we suggest, to 
the inaccuracy of analyses at low hexosamine 
concentrations. The activity of the extract from the 
sporulating 16 hr. culture was very marked, and this 
activity increased as sporulation proceeded to 
completion. 

Extracts from spores and sporulating cells of B. 
cereus had some lytic activity on intact vegetative 
cells of B. cereus and B. subtilis. The medium in 
which sporulation of B. cereus had occurred showed 
no appreciable lytic activity, and split off only 
insignificant amounts of soluble hexosamine-con- 
taining material from the insoluble fraction of 
vegetative cells. It seems, therefore, that the spore 
enzyme which we have studied differs from the 
extraceliular lytic enzyme produced by sporulating 
cells of B. terminalis (Greenberg & Halvorson, 
1955). 

The hexosamine-liberating activity of extracts 
from resting and germinated spores of B. cereus was 
next compared. Germinated spores were obtained 
by incubating resting spore suspensions containing 
about 2x 10*® spores/ml. for 30min. with 2m™M 
inosine in 40mm sodium potassium phosphate 
buffer, pH 7-3 (Powell & Hunter, 1955). The 
suspension was then centrifuged and the germinated 
spores were resuspended in water to give 10mg. dry 
wt./ml. Extracts from resting and germinated spore 
suspensions containing 10 mg. dry wt. of spores/ml. 
were found to have approximately the same hexos- 
amine-liberating activity, tested on the insoluble 
fraction of 10 hr. vegetative cells of B. cereus. In 
these tests, hexosamine determinations were made 
at 3, 4. and 20 hr. Heating at 60° for 1 hr. did not 
markedly reduce the activity of extracts from 
resting or germinated spores. 
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Metabolism of DAP by sporulating cells 


We could detect no increased ammonia produc- 
tion or oxygen uptake when intact cells of B. cereus 
at various stages of growth and sporulation were 
incubated for 1 hr. at 37° with DAP (synthetic). In 
these experiments, the reaction mixture contained 
10 mg. dry wt. of cells/ml. in 40 mm sodium potas- 
sium phosphate, pH 7-3, and 12mm DAP. Under 
the same conditions, disintegrated cells and spores 
of B. cereus did not apparently deaminate or oxidize 
DAP. The addition of catalase (100yg./ml.) and 
MnSO, (10-*m) to the system had no stimulating 
effect, although these substances were recently 
shown to stimulate the oxidative deamination and 
ring closure of lysine and of certain diamines by 
plant extracts (Mann & Smithies, 1955). 

In another series of experiments, sporulating 
cells (56mg. dry wt./ml.) were suspended in a 
neutralized solution of 20mm DAP and 20 mm- 
CaCl,, and disintegrated. The homogenate was 
shaken at 37° for 2 hr., centrifuged, and protein 
precipitated from the supernatant with 2-5 % (w/v) 
HCIO,. The ultraviolet-absorption spectrum of the 
deproteinized extract was then measured and 
compared with that from a cell homogenate control 
similarly treated, but with no DAP addition. The 
absorption spectrum of the extract containing DAP 
was consistently slightly greater than that of the 
control, but showed no evidence of increased 
dipicolinate synthesis. In similar experiments, the 
sporulating cells were disintegrated in their own 
culture medium to which 20 mm DAP and 20 mm- 
CaCl, were added. Here again, no evidence of 
dipicolinate synthesis was apparent: the absorption 
spectrum of the extract after 2 hr. incubation with 
DAP was practically identical with that from a 
control suspension to which no DAP was added. 
Calculations made on the basis that (a) the syn- 
thetic DAP contained very approximately 25 % of 





Table 3. Hexosamine-liberating activity of extracts from B. cereus cells at various stages of growth 
and sporulation, tested on the insoluble fraction of cells from a 12 hr. culture 


Extracts (1 ml. containing 10 mg. dry wt./ml.) were incubated for 48 hr. at 37° with 3 mg. of insoluble residue prepared 
as described.’Toluene was added as preservative. After incubation the soluble part of the mixtures was dried and heated 
at 106° for 20 hr. with 6N-HCl and hexosamine estimated in the hydrolysate. Insoluble residue was incubated in water 


and treated in the same way as a control. 


Hexosamine in solution (mg./ml.) 





ct 


(1) (2) (3) (2) -(3) - (1) 


Cell extract Extract +insol. Insol. fraction+ (i.e. hexosamine 


Age and appearance of culture alone fraction water liberated) 
6 hr. Vegative 0-095 0-18 0-16 ( - 0-075) 
12 hr. Vegetative 0-060 0-19 0-16 ( — 0-030) 
14 hr. First signs of sporulation 0-12 0-28 0-16 0 
16 hr. Sporulating 0-44 0-80 0-16 0-20 
18 hr. Sporulation almost complete 0-42 0-09 0-16 0-51 
36 hr. Free spores 0-39 1-19 0-16 0-64 
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the Dp and LL, and 50 % of the meso isomers, (b) only 
one isomer could be converted into dipicolinic acid, 
and (c) no interconversion of isomers occurred 
during the experiment, suggested that a 10% 
conversion of the DD or Lu form into dipicolinic acid 
or a 5% conversion of the meso form would have 
been readily detected in these and similar experi- 
ments. 

In a series of tests with B. subtilis, intact cells 
(1-2 mg. dry wt./ml.) from a 36 hr. CCY culture in 
the first stages of sporulation were shaken at 37° for 
18 hr. with 3mm DAP and 10 mm-CaCl, in 25 mm 
sodium potassium phosphate, pH 7-3. The appear- 
ance of stained films indicated that sporulation had 
not noticeably advanced either in the presence or 
absence of DAP and CaCl,, and that most cells 
appeared swollen, weakly staining, and on the verge 
of lysis. The suspensions were disintegrated and the 
ultraviolet-absorption spectra of the clear extracts 
measured. No evidence of increased dipicolinate 
synthesis was apparent. Negative results were also 
obtained with intact freeze-dried cells and with 
disintegrated cells of B. subtilis. The substitution of 
1 mm meso DAP for 3 mM synthetic DAP in these 
tests with B. subtilis also gave negative results. 


Adenosine deaminase and ribosidase 
activity of B. cereus cells 


We recently found (Powell & Hunter, 1956) that 
disintegrated resting spores of B. cereus contained 
active adenosine deaminase and ribosidase systems. 
It therefore seemed of interest to assess the activity 
of freeze-dried disintegrated cells of B. cereus at 
various stages of growth and sporulation. The results 
of these measurements, given in Table 4, indicate 
that both the adenosine deaminase and ribosidase 
activity of cell homogenates increased very 
markedly at sporulation. As previously found with 
resting-spore suspensions (Powell & Hunter, 1956), 
the deaminase activity appeared in the soluble 
fraction of the disintegrated cell, whereas the 
ribosidase was associated with the insoluble fraction. 


Table 4. Adenosine deaminase and ribosidase 
activity of disintegrated B. cereus cells 


7-5 mg. dry wt. of cells/ml. was incubated for 1 hr. at 
37° in 2 mM adenosine buffered with 40 mm sodium potas- 
sium phosphate, pH 7-3. 

Ammonia Liberation of 
production in reducing sugar 
lhr. (% of in 1Lhr. (% of 


Age and appearance theoretical theoretical 
of culture value) value) 
12 hr. Vegetative 8 0 
14hr. First signs of 5 0 
sporulation 
16 hr. Sporulating 16 0 
17-5 hr. Sporulating 30 16 
36 hr. Free spores 35 55 
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DISCUSSION 


As we have already pointed out, the culture media 
used in this investigation were too complex for 
exact analysis, and therefore unsuitable for studies 
on the external factors which initiate sporulation. 
In view of the observation by Cantino (1951) that 
in a species of Blastocladiella the formation of 
resistant sporangia was stimulated by bicarbonate 
and oxoglutarate, the accumulation of 2-oxoglu- 
tarate in cultures of B. cereus and B. subtilis before 
the onset of sporulation, may, however, be of some 
significance. In this connexion, we recently showed 
that both bicarbonate and 2-oxoglutarate stimu- 
lated sporulation in a feebly sporing strain of B. 
sphaericus (Powell & Hunter, 1955). 

The synthesis of dipicolinic acid appears in- 
variably to accompany sporulation in Bacillus and in 
Clostridia species. We have observed the character- 
istic ultraviolet-absorption spectrum of calcium 
dipicolinate in extracts from spores of B. subtilis, B. 
megatherium (Powell & Strange, 1953), B. cereus, B. 
polymyxa, virulent and avirulent strains of B. 
anthracis, Clostridium sporogenes, Cl. histolyticum, 
Cl. septicum and Cl. tetani (Powell & Hunter, 
unpublished results). We have failed to find evidence 
in support of the possibility that DAP is the direct 
precursor of dipicolinic acid. This failure may be due 
to an unsuitable isomeric constitution of the DAP 
which we used, or to other inadequate experimental 
conditions. In their conversion experiments, Perry 
& Foster (1955) used DAP isolated from the culture 
filtrate of the lysine auxotroph Escherichia coli 
26-26. This material contains the meso and LL 
isomers (Hoare & Work, 1955). There remains the 
possibility, not excluded by the experiments of 
Perry & Foster (1955), that dipicolinic acid is 
derived not directly from DAP but from a DAP pre- 
cursor by a reaction which is blocked under condi- 
tions of vegetative growth, and stimulated by those 
factors in the medium which initiate sporulation. 
At the moment, insufficient is known of the synthesis 
and metabolism of DAP for further investigation to 
be made along these lines. In this connexion, it was 
interesting to find that there was no general correla- 
tion between the DAP content of cells of Bacillus 
species and their ability to sporulate (Powell, 
Strange & Hunter, unpublished results). Thus 
asporogenous and weakly sporing strains of B. 
subtilis, B. megatherium, B. anthracis and B. 
pumilus contained ‘normal’ amounts, i.e. 1-2 %, of 
DAP; only in an asporogenous strain of B. sphaericus 
were we unable to detect any DAP in 30 mg. dry wt. 
of cells. 

The function of dipicolinic acid in the formation 
and maintenance of the resistant heat-stable 
protoplasm of the resting spore also remains a 
matter for conjecture. Dipicolinic acid shows strong 
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chelating ability with calcium and heavy metals, 
but not with magnesium. Its synthesis in the 
sporulating cell would therefore be expected to 
upset the balance of intracellular enzymes, for 
example favouring the maintenance of these 
systems requiring magnesium or no metal, and 
inhibiting those catalysed by calcium or the heavy 
metals. The consideration of possibilities of this 
kind is, however, hampered by our present lack of 
knowledge of the sporulation process. Thus it is not 
known whether the site of dipicolinic acid synthesis 
is in the vegetative sporangium or in the developing 
spore, or whether the protoplasm of the spore is 
metabolically inert throughout its development or 
becomes so as the spore matures. It seems likely 
that calcium dipicolinate, which constitutes 10— 
15% of the spore dry weight (Powell & Strange, 
1953), contributes in some way to the resistant heat- 
stable structure of the spore protoplasm, possibly 
through the formation of further chelate linkages of 
calcium with protein. Its distribution within the 
resting spore is also, as yet, unknown. An X-ray 
examination of crystalline calcium dipicolinate and 
of air-dried resting spores of B. megatherium was 
kindly carried out for us by Dr M. M. Bluhm and 
Dr J. C. Kendrew of the Cavendish Laboratory, 
Cambridge. They obtained a characteristic crystal- 
line-powder diagram with calcium dipicolinate, but 
could find no evidence of a crystalline structure in 
resting spores. 

We have described experiments which indicate 
that, in the developing spore, an enzyme system is 
built up capable of releasing soluble material con- 
taining DAP and hexosamine from the insoluble 
fraction of the disintegrated cell. In vegetative 
cells, this material may be more tightly bound to the 
insoluble fraction than is the case with sporulating 
cells. It seems likely that this material will prove 
to be similar in composition to the spore peptide 
previously isolated from resting-spore extracts, and 
germination exudates (Strange & Powell, 1954). 
Strange & Dark (1956) have suggested that the 
peptide is released from an insoluble complex 
either by depolymerization or detachment from 
some other constituent of the spore coat, and that 
this process may be preceded by the activation of an 
enzyme system resembling lysozyme. The present 
study provides support for these suggestions. 
Further work on the isolation of the spore enzyme 
and the products of its activity is now in progress. 


SUMMARY 


1. Some changes in the composition of a complex 
medium during growth and sporulation of Bacillus 
cereus are described. 

2. The marked increase in calcium content of 
B. cereus and B. subtilis cells during sporulation 
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closely follows dipicolinic acid synthesis by these 
cells. Dipicolinic acid chelates strongly with calcium 
and with copper, nickel, iron and manganese, but 
only weakly with magnesium. 

3. Attempts to implicate we-diaminopimelic acid 
(DAP) as the direct precursor of dipicolinic acid are 
described. 

4. In non-sporulating vegetative cells of B. 
cereus, DAP and hexosamine are associated with the 
insoluble cell debris, whereas in sporulating cells 
and in spores, these compounds appear in the soluble 
fraction. 

5. This apparent change in DAP distribution 
during sporulation is associated with the activity of 
an enzyme which liberates soluble material con- 
taining DAP and hexosamine from the insoluble 
fraction of the vegetative cell. 

6. The adenosine deaminase and _ribosidase 
activity of cell homogenates increases during 
sporulation. 


We wish to thank Mr S. Lovett for the preparation of 
synthetic «e-diaminopimelic acid, Mr J. R. Hunter for 
photomicrographs and Mr A. G. Ness for assistance with the 
analytical work. 
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The Use of Glutamine and Glutamic Acid by the Mammary Gland 
for Casein Synthesis 
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During lactation the secretory cells of the mammary 
gland continuously take compounds from the blood 
stream and convert them into the components of 
milk, and the milk is continuously secreted into the 
alveoli and ducts of the gland where it is stored until 
milking. The mammary gland is specially suited for 
investigating the components of the blood that are 
used for the synthesis of proteins in body cells 
(assuming that casein synthesis is typical), because 
after synthesis casein becomes separated from its 
precursors and can be drawn off in the milk a few 
hours later. There is thus no ‘turnover’ of casein: 
the casein molecules in a small milk sample, unlike 
the protein molecules in most samples of other body 
fluids or of tissues, have all been synthesized at 
approximately the same time. Therefore, the 
precursor in the blood stream of an amino acid in 
casein is easily identified by experiments with 
isotopic tracers: the specific activity of the amino 
acid from the casein of a sample of milk secreted 
over, say, 1 hr. will equal the mean specific activity 
of the precursor during the hour of its uptake by the 
mammary gland. 

Previous work showed that the mammary gland 
takes free lysine and tyrosine and inorganic phos- 
phorus from the blood stream to provide the lysine, 
tyrosine and phosphorus of casein; the lysine and 
tyrosine of plasma proteins were not used for casein 
synthesis (Barry, 1952). Work and his colleagues 
also found that certain other amino acids of casein 
are derived from the free amino acids of plasma, and 
not from plasma proteins (Campbell & Work, 1952; 
Askonas, Campbell, Godin & Work, 1955). The 
results provide evidence against the suggestion that 
while plasma proteins are synthesized from free 
amino acids, other proteins are synthesized from 
plasma proteins (Madden & Whipple, 1940). 

The purpose of the present work was to discover 
the compounds taken from the blood stream by the 
mammary gland to provide the glutamine and 
glutamic acid of casein. It was thought that this 
might throw light on the function of the large 
amount of glutamine in blood plasma, and show 
whether, in casein synthesis, glutamine is involved in 
transpeptidation reactions as suggested by Waelsch 
(1952). 


The results of experiments with labelled glut- 
amine and glutamic acid demonstrate that the 
glutamine residues of casein are derived from the 
free glutamine of blood plasma, and the glutamic 
acid residues from the free glutamic acid. Thus glut- 
amine and glutamic acid are incorporated into casein 
as two independent amino acids, and an important 
new function of glutamine is therefore revealed. The 
results also suggest that glutamine is not involved in 
transpeptidation reactions during casein synthesis. 


Note: In this paper ‘casein glutamine’ refers to the 
glutamine residues in casein, ‘casein glutamic acid’ to the 
glutamic acid residues in casein, and ‘casein glutamic acid 
(acid hydrolysis)’ to the glutamic acid in anacid hydrolysate, 
which is derived from both the casein glutamine and casein 
glutamic acid. 


EXPERIMENTAL 


Isotopic compounds 


pL-[1-4C]Glutamic acid and p-[C]glucose (uniformly 
labelled) were bought from the Radiochemical Centre, 
Amersham, and the [ammonium-N]lammonium nitrate 
from A.E.R.E., Harwell. 

pL-[1-“4C]Glutamine. This was synthesized from pDL- 
[1-4C]glutamic acid as described by King & Kidd (1949), 
except that after the phthalylglutamine had reacted with 
hydrazine the solution was acidified with 2N-HI instead of 
HCl; this avoided removing the Cl ions with silver car- 
bonate. 

The product, when eluted from 100cm. columns of 
Dowex-50 with citrate buffer at pH 3-40, emerged at the 
same effluent volume as an authentic sample of L-glutamine, 
and gave no glutamic acid ; a sample of isoglutamine emerged 
at a different volume. The product, when treated with 
glutamic decarboxylase in a Warburg manometer, yielded 
carbon dioxide at the same rate as half its weight of L- 
glutamine. 

Yield (calculated from pL-glutamic acid) 30-2 %. 

pL-[Amide-®N ]glutamine. This was made by the same 
method, but with the following modified preparation of 
phthalyl-pu-glutamine. Phthalyl-pi-glutamic anhydride 
(3 g.) was dissolved in dry dioxan (100 ml.) and dry ether 
(100 ml.) added. [Ammonium-N]Jammonium nitrate 
(1-9 g.) was dissolved in a few millilitres of water and excess 
of saturated KOH solution added; the ammonia generated 
was slowly drawn in a stream of air through CaO, and then 
through the solution of phthalylglutamic anhydride. Dry 
ether (100 ml.) was then added and phthalylglutamine 
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isolated as before. After the phthalylglutamine had been 
filtered off, 5NH, was recovered from the *NH,Cl in the 
filtrate and used in a second synthesis. 
Yield [% of original ©N recovered in pL-[15N]glutamine] 
31-6%. 
Procedure in experiments on goat 


The experiments were performed on a goat which was 
giving about 11. of milk/day, and was in good health. 
Compounds were injected, and blood and milk samples 
taken, as described by Barry (1952). 


Determination of 4C specific activities 


C-1 of the free glutamine and glutamic acid of blood plasma. 
A sample of glutamine and glutamic acid was isolated from 
each sample of plasma, the amouui of each was determined, 
and to each a known weight of inactive glutamine or 
glutamic acid was added. C-1 was then removed by adding 
glutamic decarboxylase, and its specific activity was 
corrected for the dilution. 

Free glutamine and glutamic acid of plasma were separ- 
ated by chromatography on columns of Dowex-50 resin as 
described by Moore & Stein (1951), but at room temp. 
instead of 37-5°. At this temperature glutamine is not 
completely destroyed, and about 65% is recovered, to- 
gether with asparagine, in a single peak (Barry, 1953). The 
procedure was as follows. Plasma (30 ml.) was dialysed 
overnight against water (150 ml.) on a shaker at 0°, and the 
diffusate freeze-dried. The residue was dissolved in a few 
millilitres of water, brought to pH 3-0 with HCl, and eluted 
from columns of Dowex-50 resin (100x1-15cm.) as 
described by Moore & Stein (1951), but at room temperature. 
Glutamine and asparagine emerged at 160-185 ml., and 
glutamic acid at 260-300 ml., and were determined by the 
quantitative ninhydrin method. The asparagine concentra- 
tion of the goat’s plasma was found to average 0-95 mg./ 
100 ml. and to vary very little; it was therefore responsible 
for about 25 % of the ninhydrin colour of the glutamine and 
asparagine fraction. The glutamine concentration in the 
fraction could therefore be found, with little error, by sub- 
traction. The glutamine and asparagine fraction and the 
glutamic acid fraction were shown by paper chromato- 
graphy to contain no other ninhydrin positive compounds 
(Sheldon-Peters & Barry, 1956). 

To the glutamine and asparagine fraction, L-glutamine 
(30 mg.) and cone. HCl (5 ml.) were added, the solution was 
slowly evaporated on a water bath, and the residue dis- 
solved in a few millilitres of water. To. the glutamic acid 
fraction, L-glutamic acid (30-0 mg.) was added and the 
solution rapidly evaporated to a small volume. 

The solutions were brought to pH 4-5 and mixed with 
glutamic deearboxylase (4 ml.) (Krebs, 1950) in the outer 
chamber of a microdiffusion unit (Conway, 1950), specially 
designed to hold 40 ml.; the carbon dioxide evolved was 
absorbed in NaOH in the inner chamber. 

The carbon was precipitated as barium carbonate, 
centrifuged on to an aluminium disk, and counted with a 
thin-windowed counter, to give less than 3% probable 
error. Each count was corrected to give a value equal to 
that of an infinitely thick sample of the same area, and the 
specific activity calculated by the use of a previously 
determined factor. From this specific activity, that of the 
undiluted glutamine or glutamic acid of plasma was 
calculated. 
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C-1 of casein glutamine and glutamic acid. Casein was 
hydrolysed by a pancreas suspension prepared as follows. 
Fat-free and minced pig pancreas (250 g.) was suspended in 
25% (v/v) ethanol (11.). Before use the suspension was 
dialysed against water to remove alcohol, and incubated for 
24 hr. at 37°, dialysed overnight, and diluted to twice its 
original volume with water. The product, when incubated 
alone at 37° for 24hr., produced no free glutamine or 
glutamic acid; when incubated with glutamine, no glutamic 
acid was formed; when incubated with casein and radio- 
active glutamine, or with casein and active glutamic acid, 
only the glutamine in the first hydrolysate and the glutamic 
acid in the second were radioactive. 

Casein (700 mg.), precipitated by acid (Barry, 1952), was 
dissolved in 0-1 N-NaOH (5 ml.) and the pancreas suspension 
(25 ml.), and a little toluene added, and the mixture 
brought to pH 7-0-7-5 and left overnight at 37°. The amount 
of free glutamine and glutamic acid formed was determined 
with glutamic decarboxylase; it was 60-70 % of the possible 
amount. The digest was dialysed overnight against water 
(150 ml.) on a shaker, and the diffusate freeze-dried. 
Glutamine and glutamic acid were then separated from one 
another on columns of IR-4B (Hirs, Moore & Stein, 1952) or 
Dowex-1 (Hirs, Moore & Stein, 1954), and the specific 
activity of C-1 was determined after decarboxylation. 

C-1 of casein and plasma-protein glutamic acid (acid 
hydrolysis). After separating the free amino acids from 
plasma, the proteins were dialysed overnight against 
running water and then precipitated with tungstic acid. 
Plasma proteins and casein were hydrolysed with HCl 
(Barry, 1952) and the hydrolysates evaporated and 
treated with glutamic decarboxylase (2 ml.), and the specific 
activity of the carbon dioxide was determined. 

Total carbon of lactose and of casein glutamic acid (acid 
hydrolysis). Lactose was isolated as described by Reiss & 
Barry (1953). Glutamic acid was isolated from acid hydro- 
lysates of casein by chromatography on Dowex-1 (Hirs et al. 
1954). They were burnt in a stream of oxygen and the 
specific activity of the carbon in the carbon dioxide was 
measured. 


Determination of »N 


A known weight of the pi-[1-C:amide-N ]glutamine 
used for injection was diluted with a known weight of 
inactive DL-glutamine, and part of this hydrolysed with 
n-HCl for 2 hr. in the outer chamber of a microdiffusion unit. 
After evaporating to dryness, saturated KOH solution 
(2 ml.) was added, and the ammonia absorbed in 0-25n-HCl 
(1 ml.)intheinnerchamber. Nitrogen was prepared (Ritten- 
berg, 1946) and the ©N determined in a mass spectrometer. 
14C was also determined after decarboxylation, and the &N 
and \4C in the original compound could then be calculated. 

The amide nitrogen of casein glutamine was liberated 
by heating a diffusate of casein, hydrolysed by pancreas 
suspension, at pH 7 and 100° for 4hr., which converts 
glutamine into pyrrolidonecarboxylic acid and ammonia 
(Vickery, Pucher, Clark, Chibnall & Westall, 1935). The 
hydrolysate was then mixed with saturated potassium 
carbonate solution in the outer chamber of a microdiffusion 
unit, and the ammonia collected and converted into nitrogen 
as before. This treatment did not release amide nitrogen 
from asparagine. 

The ammonia released on hydrolysis of casein with 20% 
(w/v) HCl was collected in the same way; about 90% comes 
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from the amide nitrogen of the glutamine and asparagine of 
casein, and the remainder from the decomposition of other 
amino acids (Rees, 1946). The remaining nitrogen in the 
acid hydrolysate was isolated by the Kjeldahl method. 


RESULTS 

Goat’s milk contains about 3% of casein, in which 
the amino acid concentrations are very similar to 
those in cow’s casein (Davis & Macdonald, 1953). 
On acid hydrolysis, 100 g. of cow’s casein yields 
22-4 g. of glutamic acid, which is derived from the 
glutamine and glutamic acid residues, the relative 
proportions of which are not known, and 1-6 g. of 
amide nitrogen from glutamine and asparagine 
residues (Gordon, Semmett, Cable & Morris, 1949). 
Since 100 g. of casein yields 7-1 g. of aspartic acid, 
it can be calculated that the maximum possible 
amount of the glutamic acid (acid hydrolysis) 
which can have come from glutamine residues is 
16-8 g./100 g. of casein (assuming that there are no 
asparagine residues), and the minimum possible is 
8-9 g. (assuming that there are no aspartic acid 
residues). 

Goat’s blood plasma contains about 5 mg. of free 
glutamine/100 ml. and 1-5mg. of free glutamic 
acid/100 ml. The glutamine and glutamic acid of 
casein could therefore be derived from the free 
glutamine or glutamic acid of plasma, or from 
plasma proteins, or could be synthesized within the 
gland from some other compounds absorbed from 
the blood. 

Fig. 1 shows the results of an experiment designed 
to find if either the glutamine or glutamic acid of 
casein is derived from the free glutamine of 
plasma. The curve A passes through each value for 
the specific activity of casein glutamine, in the last 
three milk samples, at a time half-way through the 
period in which the milk was secreted. Since milk 
secretion is continuous, this curve shows the specific 
activity of casein glutamine, at various times, in 
milk which has just reached a point in the mammary 
gland from which it can be drawn off by milking. If 
the curve was drawn back to zero, it would rise to a 
peak at about 1-5 hr. and fall to zero specific activity 
at zero time, with the area under the curve equal to 
the total area under the histogram; it is impossible 
to plot the complete curve accurately. 

It can be seen that after injecting [1*C]glutamine 
the glutamine and glutamic acid residues of each 
casein sample have very different specific activities. 
The curve A shows that, after 2} hr., the specific 
activity of casein glutamine is always equal to that 
of the plasma glutamine 1-2 hr. earlier, and is 
always many times higher than that of the free 
glutamic acid of plasma, or of the plasma-protein 
glutamic acid (acid hydrolysis) the values for 
which were too low to plot. The relation between the 
specific activities of casein glutamine and plasma 
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glutamine is similar to that between the phosphorus 
of milk and the inorganic phosphorus of plasma, and 
between the casein lysine and tyrosine and the free 
lysine and tyrosine of plasma (Barry, 1952). 

If the rate of absorption of milk precursors from 
the blood stream remains constant during an 
experiment, the area under the specific activity— 
time histogram of a component of milk will equal 
that under the curve of its precursor in the blood. 
It was found previously (Barry, 1952) that, after 
injecting labelled inorganic phosphorus intra- 
venously into a lactating goat, the area under the 
specific-activity histogram for the inorganic phos- 
phorus of milk up to 7 hr. was, within the limits of 


Specific activity of C-1 (mc/mmole of carbon) 





0 1 2 3 4 5 6 7 
Time after injection (hr.) 


Fig. 1. pi-[1-“C]Glutamine (101 mg. ; 9-04 nc) was injected 
intravenously into a lactating goat. The goat was milked 
immediately before injection, and blood and milk samples 
were taken at intervals up to 7 hr. after. @, Free glut- 
amine of plasma; O, free glutamic acid of plasma. The 
histograms show the specific activities of casein glutamine 
(broken lines) and casein glutamic acid (solid lines) in 
each milk sample, the width of each rectangle occupying 
the time during which the milk sample was secreted. The 
significance of curve A is described in the text. The values 
for plasma-protein glutamic acid (acid hydrolysis) were 
too low to plot. 
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experimental error, equal to that under the curve 
for plasma inorganic phosphorus up to 5 hr. (the 
time difference allows for the 2hr. lag found 
between blood and milk). Since all the inorganic 
phosphorus of milk must come from blood, the fact 
that these two areas were equal is good evidence 
that the rate of absorption of milk precursors was 
constant, and that the precursor of a component of 
milk can in fact be identified in this way. 

In Fig. 1 the area under the casein—glutamine 
histogram up to 7 hr. is 335 units; that under the 
plasma—glutamine curve (if extrapolated back to the 
ordinate) up to 5-5 hr. is 325 units. It may, there- 
fore, be concluded that 1—2 hr. before an average 
casein molecule reaches a point in the mammary 
gland from which it can be drawn off in the milk, all 
of its glutamine existed as free glutamine in the 
blood. 

These results strongly suggest that the mammary 
gland takes free glutamine from the blood to provide 
the glutamine residues of casein. The only alter- 
native is that the plasma glutamine is rapidly in- 
corporated into a derivative such as a peptide or 
protein, in some other part of the body, and this is 
absorbed by the mammary gland for casein syn- 
thesis, the transfer from free glutamine to casein 
still taking only 1-2 hr. However, no glutamine 
peptide has been found in plasma in the extensive 
analyses of Stein & Moore (1954); and it is shown in 
the accompanying paper (Sheldon-Peters & Barry, 
1956) that when blood flows through the lactating 
mammary gland of the cow, its glutamine concen- 
tration falls by the amount to be expected if it is 
used in protein synthesis. It may, therefore, be 
concluded that the mammary gland takes free 
glutamine from the blood to provide the glutamine 
residues of casein. 


Table 1. 
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The specific activities of casein glutamic acid in 
this experiment were many times those of plasma- 
protein glutamic acid (acid hydrolysis). Therefore 
casein glutamic acid cannot have been derived from 
any major component of the plasma proteins. The 
area under the histogram for casein glutamic acid is 
roughly the same as that under the curve for the 
free glutamic acid of plasma; this suggests that the 
casein glutamic acid was derived from plasma 
glutamic acid, but is not conclusive since several 
compounds in the blood may have had the same low 
specific activities as plasma glutamic acid. 

In Table 1 are shown the specific activities of 
glutamine, glutamic acid, and glutamic acid (acid 
hydrolysis) in each casein sample from this experi- 
ment. From these figures the percentage of the 
glutamic acid (acid hydrolysis) derived from casein 
glutamine has been calculated. The results suggest 
that there are about equal amounts of glutamine and 
glutamic acid in casein. For this calculation it must 
be assumed that the specific activities of glutamine 
and glutamic acid, which were determined on 60- 
70% of the total glutamine and glutamic acid of 
casein, would have been identical after complete 
hydrolysis. This is almost certainly true. The same 
specific activities were found in the casein taken at 
1-5 hr. whether there was 20% or 62 % hydrolysis. 
Askonas et al. (1955) have found that, in the casein 
of milk taken 4hr. after injecting a number of 
[#4C]amino acids into a goat, each amino acid had 
the same specific activity whether isolated from a 
complete hydrolysate, or from different peptides 
obtained after partial hydrolysis. 

The values for plasma-protein glutamic acid (acid 
hydrolysis), if plotted in Fig. 1, would be scarcely 
separated from the axis. The values found in another 
similar experiment are shown in Table 2. 


Specific activities of amino acids from casein of milk samples taken at intervals after 


injecting DL-[1-4C]glutamine (101 mg. ; 9-04 wc) intravenously into a lactating goat 


Time of sainpling (hr.) 1-5 3-0 4-5 7-0 
Specific activity of (a) Glutamine 84-6 74:7 42-0 15-80 
(umc/mmole of carbon) (b) Glutamic acid 11-76 14-55 4-99 2-38 
(c) Glutamic acid 44-1 45:3 22°8 9-56 

(acid hydrolysis) 
x 44-4 51-2 48-1 53-5 
Average x 49-3 _ ——- — 
zx is the percentage of the glutamic acid (acid hydrolysis) derived from casein glutamine. It is calculated from 
c-b 
x oop x 100. 


Table 2. Specific activities of plasma-protein glutamic acid (acid hydrolysis) after injecting 
pDL-[1-4C]glutamine (425 mg. ; 38-0 wc) intravenously into a lactating goat 


Time of sampling (hr.) 0-33 1-0 3-0 6-0 12-0 
Specific activity of C-1 0-145 0-65 1-73 2-32 1-85 
(umc/mmole of carbon) 
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Table 3. pu-[1-"4C: amide-N ]glutamine (563 mg.) injected intravenously into goat 
and milk taken 1-5 hr. later 


Atoms % 
excess /N 


Injected glutamine 25:8 

Casein glutamine 0-611 
Amide N of casein (a) 0-444 
Non-amide N of casein (5) 0-004 


(a) Nitrogen 
hydrolysis with 20% (w/v) HCl. 


It has been suggested that y-glutamyl peptides 
formed from glutamine by enzymic exchange 
reactions are important intermediates in protein 
synthesis (Waelsch, 1952). The results in Fig. 1 
demonstrate that the glutamine residues of casein 
are derived from plasma glutamine. It seems un- 
likely that this glutamine has formed y-peptides 
during its incorporation, since it would then 
probably have appeared in the casein as glutamic 
acid. But it is conceivable that y-peptides were 
formed, and that glutamine was resynthesized from 
the glutamic acid of these peptides. Ifso, the amide- 
nitrogen atom of each glutamine residue in casein 
will not be the same as the amide-nitrogen atom it 
had when in the plasma. Whether it is the same can 
be tested by labelling the plasma glutamine with 
DL-[1-14C: amide- N]glutamine. Then, if the glut- 
amine has formed intermediate y-peptides, the 
ratio *C:45N will be higher in the casein glutamine 
than in the plasma glutamine (provided that the 
labelled nitrogen which was lost on y-peptide 
formation has been diluted with unlabelled nitrogen 
before resynthesis) 

In Table 3 are shown the results of an experiment 
in which pt-[1-4C:amide-YN]glutamine was in- 
jected into the goat. It can be seen that the »N 
concentration in the amide nitrogen of casein 
glutamine is over 150 times that in the non-amide 
nitrogen of casein, and that the ratio “C:"N is 
approximately the same in the casein glutamine as 
in the injected glutamine. (The ratio is, in fact, 
slightly lower in the casein glutamine, showing that 
more of the injected »N than C has appeared in 
casein ; this could be due to partial breakdown of the 
injected glutamine and resynthesis of glutamine 
with a lower 4C:4N ratio before its absorption by 
the mammary gland.) The results therefore suggest 
that glutamine does not exchange its amide 
nitrogen during its incorporation into casein, and so 
does not pass through intermediate y-glutamyl 
peptides. 

Hanes, Hird & Isherwood (1952) have suggested 
that glutathione enters into transpeptidation 
reactions which are important in protein synthesis, 
and it was thought that if glutathione is present in 
milk some information might be gained by measur- 
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released as ammonia on hydrolysis with 20% (w/v) HCl. 


Specific activity of 
C-1 (umc/mmole 
of carbon) 


1800 
35-2 


pmc/mmole of carbon 
Atoms % excess !°N 
/0 
69-8 
57-6 


(6) Nitrogen not released as ammonia on 
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Time after injection (hr.) 


Fig. 2. pt-[1-“C]Glutamic acid (3lmg.; 169yuc) was 
injected intravenously into a lactating goat and blood 
samples were taken at intervals after injection. Change in 
specific activity with time is shown for free glutamic acid 
of plasma (A) and for free glutamine of plasma (0). 
A rough value for the specific activity of glutamic acid at 
zero time has been calculated assuming that the blood 
stream contained 21. of plasma with 1-5 mg. of free 
glutamic acid/100 ml. 


ing the specific activity of its glutamic acid residue 
in each milk sample. However, by determining 
glutamic acid in a protein-free filtrate of goats’ milk 
before and after hydrolysis, it was found that 
glutathione, if present in milk, had a concentration 
of less than 2 mg./100 ml., and its isolation was not 
attempted. Gould (1940) was also unable to detect 
glutathione in milk. 

It was hoped that when [!4C]glutamic acid was 
injected into the goat, the specific activity of the 
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free glutamic acid of plasma would remain higher 
than that of the plasma glutamine for several hours, 
and it would then be possible to decide whether the 
glutamic acid residues of casein are derived from 
the glutamic acid of plasma. However, when 
[1-14C]glutamic acid was injected, the values in 
Fig. 2 were found for the specific activities of plasma 
glutamic acid and glutamine. It is seen that before 
20 min. the specific activities of glutamine and 
glutamic acid had become equal, and thereafter the 
specific activity of glutamine was higher than that 
of glutamic acid. It is clear that glutamine is 
rapidly formed from glutamic acid. 

Although, after injecting [14C]glutamic acid, the 
specific activity of plasma glutamine does not, for 
long, remain lower than that of glutamic acid, it was 
still possible to discover the origin of the glutamic 
acid of casein. It can be deduced from Fig. 2 that if 
casein glutamic acid comes from the free glutamic 
acid of plasma, then it should become radioactive 
more rapidly than the casein glutamine (which 
Fig. 1 showed to come from plasma glutamine), but 
its activity should also fall off more rapidly. A 
further experiment (Fig. 3) shows that these results 
are in fact found, and it may be concluded that the 
mammary gland takes free glutamic acid from the 
blood to provide the glutamic acid residues of 


Specific activity of C-1 (umc/mmole of carbon) 





0 1 2 3 4 5 6 7 
Time after injection (hr.) 


Fig. 3. pi-[1-“C]Glutamic acid (2-8 mg.; 15-2uc) was 
injected intravenously into a lactating goat. The goat was 
milked immediately before injection and at intervals up 
to 7 hr. after. The histograms show the specific activities 
of casein glutamic acid (solid lines) and casein glutamine 
(broken lines) in each milk sample, plotted as in Fig. 1. 
The specific activities of glutamic acid (acid hydrolysis) 
in each casein sample are not shown; they always lay 
between those of glutamine and glutamic acid. 
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casein. This conclusion is confirmed by the fall in 
concentration of free glutamic acid when blood 
flows through the lactating mammary gland of the 
cow (Sheldon-Peters & Barry, 1956). 

The areas under the casein glutamic acid and 
glutamine histograms in Fig. 3 are roughly equal, 
being 94 and 99 units respectively. This suggests 
that the areas under the specific activity—time 
curves of plasma glutamic acid and glutamine, if 
they had been measured, would also have been 
found equal. (In Fig. 2 there are too few experi- 
mental points to determine these areas accurately.) 
It follows that glutamic acid is probably the sole 
precursor of plasma glutamine, and glutamine in 
equilibrium with it (Siri, 1949), a result which 
would be expected from the work of Elliot (1951) 
and Speck (1949). Fig. 2 shows that glutamine is 
rapidly metabolized, and, from the slopes of the 
curves, it seems that at the end of about every 
35 min. one-half of the plasma glutamine, and 
glutamine in equilibrium with it, which was present 
at the start of the 35 min., has been metabolized and 
replaced by glutamine newly synthesized from 
glutamic acid. Therefore, the average life of a 
glutamine molecule is apparently about 50 min. 

It has been shown here that the glutamine and 
glutamic acid of casein come from the glutamine and 
glutamic acid of the blood. This finding is confirmed 
by the results of a further experiment (Fig. 4), 





-Specific activity of total carbon (umc/mmole of carbon) 


0 1 2 3 4 Ss «6 7 
Time after injection (hr.) 


Fig. 4. p-[14C]Glucose (uniformly labelled) (224 mg.; 71 yc) 
was injected intravenously into a lactating goat. The goat 
was milked immediately before injection and at intervals 
up to 7 hr. after. The histograms, plotted as in Fig. 1, 
show the specific activities of lactose (broken lines) and 
casein glutamic acid (acid hydrolysis), solid lines, in each 
milk sample. 
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which shows that there was little synthesis of 
casein glutamine or glutamic acid from blood 
glucose within the mammary gland. It has been 
demonstrated previously that blood glucose is the 
principal compound used for lactose synthesis by 
the mammary gland of the goat (Reiss & Barry, 
1953). Therefore, after injecting [!4C]glucose, the 
area under the specific activity—time histogram of 
a compound in milk which is synthesized solely 
from blood glucose must be at least as large as the 
area under the lactose histogram. In Fig. 4 the 
area under the casein-glutamic acid (acid hydro- 
lysis) histogram is only about one-fifth that under 
the lactose histogram ; therefore not more than one- 
fifth of the casein glutamic acid (acid hydrolysis) 
can have been synthesized in the mammary gland 
from glucose. In fact, it is probably less than one- 
fifth, the activity of casein glutamic acid (acid 
hydrolysis) being, at least in part, due to the 
synthesis of blood glutamine and glutamic acid 
from the injected glucose outside the mammary 
gland. 


DISCUSSION 


The results demonstrate that the glutamine of casein 
is derived from the free glutamine of blood. For 
a number of years it has been known that glutamine 
is present in blood plasma in higher concentration 
than any other free amino acid, but hitherto its only 
function in living animals which was definitely 
known was to provide urinary ammonia from its 
amide nitrogen (Van Slyke et al. 1943; Waelsch, 
1952). If, asseems probable, glutamine is used in the 
synthesis of other proteins than casein, another 
important function hus been revealed. 

The results also provide some evidence against 
the theory of Waelsch (1952) that an importent 
mechanism by which amino acids are incorporated 
into peptide chains is their reaction with glutamine 
to form y-peptides, followed by their transfer to the 
carboxyl groups of other amino acids or peptides, to 
form «-peptide links. For each «-peptide link 
formed by transpeptidations, one ‘molecule of 
glutamine will be converted into glutamic acid. 
Therefore, if in the mammary gland the glutamine 
used in these reactions was absorbed from the 
plasma, and if a significant portion of the total 
peptide bonds in casein were formed by transpepti- 
dation, a significant amount of glutamic acid would 
be released, and, it seems probable, incorporated 
into casein. For example, if only one in ten of the 
peptide bonds in casein were formed by transpepti- 
dation with plasma glutamine, more than enough 
glutamic acid would be released to provide all the 
glutamic acid of casein. As a result, at least part of 
the glutamic acid residues of casein would probably 
be derived from plasma glutamine, whereas in fact 
they were not. 
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It is conceivable that glutamine absorbed from 
the blood forms y-peptides, but, after transpeptida- 
tion, is reconverted into glutamine and incorporated 
into casein. But, if this happened, each glutamine 
molecule would exchange its amide nitrogen in the 
process, and the experiment with doubly labelled 
glutamine suggested that it does not. 

It is possible, on the other hand, that the glut- 
amine from which y-peptides are formed is con- 
tinually synthesized from glutamic acid within the 
secretory cells; but, if so, this glutamine must be 
kept separate from the glutamine absorbed from 
the blood, because if it was not kept separate the 
casein glutamine would be partly derived from 
glutamic acid, and the experimental results showed 
that it is not. Suppose, for example, that the 
number of glutamine molecules absorbed from the 
blood for incorporation into casein was equal to the 
number synthesized for transpeptidation reactions 
(which could, therefore, initiate the formation of 
less than one in ten of the peptide bonds of casein). 
Then, if the glutamine from these two sources 
became mixed before use, one-half of the casein 
glutamine would be derived from glutamic acid. 
The separation of glutamine synthesized in the 
gland from that absorbed from the plasma seems 
improbable. 

From previous work it can be concluded that all 
the essential amino acids of casein are derived 
completely from the free amino acids of plasma 
(Askonas et al. 1955; Barry, 1952). With the present 
results the source in the blood of about 72 % of the 
casein nitrogen is known. The source of the other 
non-essential amino acids of casein, including 
aspartic acid and asparagine, is now being in- 
vestigated. 


SUMMARY 


1. From experiments with glutamine labelled 
with “C and N, and glutamic acid labelled with 
MC, it is concluded that the lactating mammary 
gland of the goat takes free glutamine and glutamic 
acid from the blood plasma to provide the glutamine 
and glutamic acid residues of casein respectively. 
Glutamine and glutamic acid are thus incorporated 
into casein as two independent amino acids. 

2. This conclusion is supported by the finding 
that there is little synthesis of casein glutamine or 
glutamic acid from glucose within the mammary 
gland. 

3. Evidence is presented that transpeptidation 
reactions, involving y-glutamyl peptides formed 
from glutamine, are not important in casein 
synthesis. 

4. The results also suggest that the glutamine of 
blood plasma is synthesized from plasma glutamic 
acid, and that the average life of a plasma glutamine 
molecule is about 50 min. 
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by the Lactating Mammary Gland 


By JANE C. M. SHELDON-PETERS anp J. M. BARRY 
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(Received 3 January 1956) 


Work with isotopic tracers has demonstrated that 
the mammary gland takes glutamine and glutamic 
acid from the blood stream for the synthesis of 
easein (Barry, 1956). The results reported in this 
paper show that the concentrations of glutamine 
and glutamic acid in the mammary venous blood of 
lactating cows are markedly lower than in the 
arterial blood; in dry cows these arteriovenous 
differences were not found. Arteriovenous differ- 
ences for serine and threonine are also reported. 
The fall in concentration of many metabolites 
across the mammary gland is a small percentage of 
their total concentration in blood, and is therefore 
difficult to demonstrate convincingly. However, 


arteriovenous differences in free amino acids should 
be very marked, because their concentrations in 
blood plasma are low in comparison with their 
concentrations, as protein, in milk. In fact, the 
concentrations of the amino acids measured were up 
to 55% lower in mammary venous blood than in 
arterial blood. 


The Uptake of Glutamine and other Amino Acids from the Blood Stream 
EXPERIMENTAL 


Sampling in blood 


The cows were Shorthorns in the herd of the National 
Institute for Research in Dairying. The lactating cows were 
giving about 4 gallons of milk/day at the time of sampling. 
They were milked as usual at 7 a.m. and the blood samples 
were taken 4 hr. later. The dry cows were in the interval 
between successive lactations; their milk yields during 
lactation were similar to those of the other cows. 

It has been emphasized that the cow should not be 
excited while the blood samples are taken, and it has been 
shown in particular that excitement can cause the mammary 
venous-blood concentration to change by as much as 6%, 
and so may cause errors of about this magnitude in arterio- 
venous differences, especially of non-diffusible compounds 
(Graham, Kay & McIntosh, 1936; Shaw & Petersen, 1939). 
The arteriovenous differences we have found are between 
11 and 55% of the arterial concentrations, and therefore 
errors due to excitement are not so important as in most 
arteriovenous measurements. However, care was taken 
that the cows should not be excited. 
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The arterial samples were taken by puncture of the 
internal iliac artery through the rectal wall, as described by 
Graham et al. (1936). The samples from the jugular and sub- 
cutaneous abdominal (‘mammary’) veins were at first taken 
from plastic catheters previously inserted in the veins. It 
was later found that samples could be taken with no more 
excitement in the following way. One man pierced the sub- 
cutaneous abdominal vein with the needle of a hypodermic 
syringe, and a second pierced the jugular vein. They then 
waited until a third had pierced the internal iliac artery 
with a hypodermic needle attached to a rubber tube 
leading to a flask, and then drew 100 ml. samples of blood at 
about the same rate as the arterial blood flowed into the 
flask. The sampling was completed within a few minutes of 
first approaching the cow. In experiments in which the 
arterial sample was omitted, the venous samples were with- 
drawn simultaneously into hypodermic syringes. 

The blood samples were mixed with potassium oxalate, 
immediately centrifuged, and the plasma was separated and 
frozen solid until use. 


Determination of free amino acids 


Blood plasma. Glutamine, glutamic acid, threonine and 
serine were determined by chromatography on columns of 
Dowex-50 resin, as described by Moore & Stein (1951), but at 
room temperature instead of 37-5°. The amino acids then 
emerge in the order: threonine and aspartic acid, serine, 
glutamine and asparagine, and glutamic acid. Moore & 
Stein recovered 96-7% of the glutamic acid added to the 
columns, and glutamine was completely lost. At our lower 
temperature the recovery of glutamic acid was quantitative, 
and that of glutamine was about 65 % but was not constant. 
The glutamine concentration could be roughly calculated 
from the height of the glutamine and asparagine peak, but 
the glutamine of blood plasma was determined accurately 
from the difference in glutamic acid before and after 
hydrolysis of the free amino acids with dilute HCl. 

The following procedure was used to test whether the 
threonine, serine and glutamic acid peaks obtained in the 
analysis of blood plasma contained any other compound 
reacting with ninhydrin. Sodium and citrate ions were 
removed from the combined fractions of each peak by 
passing them through a small column of Dowex-50 (H* 
form), washing the column with water, and then transferring 
the resin to a centrifuge tube and eluting the amino acids 
by adding 2n-NH, until the supernatant remained just 
alkaline. The eluate was evaporated to dryness, and the 
residue subjected to paper chromatography with aqueous 
phenol. The serine and glutamic acid peaks both gave only 
one spot in the expected position. The threonine peaks gave 
traces of aspartic acid, but not enough to cause a significant 
error in the threonine determinations. 

The method of analysis gave closely agreeing replicates 
from single samples of blood plasma, and quantitative re- 
coveries of the amino acids from mixtures of known composi- 
tion. The procedure was as follows. Four 10 ml. portions of 
each plasma sample were freed from protein by the method 
of Hamilton & Van Slyke (1943), by adding 50 ml. of 1% 
(w/v) picrie acid to each and, after a few minutes, centri- 
fuging. To remove picric acid, 40 ml. of each supernatant 
was passed through a column of Dowex-2 (Cl” form; 
2cm. x2 em.) and the amino acids were washed through 
quantitatively with three 5ml. portions of 0-02N-HCl 
(Stein & Moore, 1954). The solutions were then brought to 


AMINO ACID UPTAKE 677 


pH 3-5 and freeze-dried. To hydrolyse glutamine, two of the 
samples were dissolved in a little 2nN-HCl and heated under 
reflux at 100° for 3 hr., and were then again freeze-dried. 
All four samples were then dissolved in a little water and 
eluted from columns of Dowex-50 (100 cm. x 0-8 em.) at 
about 3-6 ml./hr. at room temperature, and the effluent was 
collected in 2 ml. fractions. Otherwise, the procedure was 
that described by Moore & Stein (1951). The fractions 
containing the required amino acids came after 50 ml. of 
buffer but before 120 ml. had emerged from the column. By 
this method glutamine, glutamic acid and threonine were 
determined in duplicate in each plasma sample, and serine in 


quadruplicate. 
Milk. The free amino acids were determined by treating 


milk exactly as blood plasma, 


RESULTS 


In Table 1 are shown the concentrations of glut- 
amine and other amino acids in the arterial, 
jugular and mammary venous blood plasma of two 
lactating cows. It is seen that while any differences 
in concentration between arterial and jugular 
plasma are small, the concentrations in the 
mammary venous plasma are considerably lower 
than those in the arterial plasma. 

Blackwood & Stirling (1932) have shown that 
blood from the jugular vein differs slightly in com- 
position from arterial blood, because the salivary 
glands remove water from the blood stream. There- 
fore, a small difference between the concentration of 
a compound in jugular and in mammary venous 
blood does not necessarily demonstrate its uptake 
by the mammary gland. However, the arterio- 
venous differences in free amino acids are so large 
that they can be determined with little error from 
their concentrations in jugular and mammary 


Table 1. Concentrations of free amino acids in 
samples of blood plasma taken simultaneously from 
the internal iliac artery, jugular vein and mammary 
vein of lactating cows 


A=mg. of amino acid/100 ml. of plasma from internal 
iliac artery; J =mg. of amino acid/100 ml. of plasma from 
jugular vein; M=mg. of amino acid/100 ml. of plasma 
from mammary vein. 





A-M 
A 
A J M A-M_ x100 
Cow 1 
Glutamine 4°84 4:88 3-76 1-08 22-3 
Glutamic acid = 1-25 1-14 0-62 0-63 50-4 
Threonine 0-78 0-80 0-35 0-43 55-1 
Serine 0-61 0-61 0-32 0-29 47-5 
Cow 2 
Glutamine 4-31 4-53 3-32 0-99 23-0 
Glutamic acid 1-21 1-02 0-66 0-55 45-5 
Threonine 0-67 0-60 0-38 0-29 43-2 
Serine 0-79 0-75 0-42 0-37 46-8 
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venous plasma. The results in Table 2 again show 
that the concentrations of the same amino acids in 
the mammary venous plasma of three more lactating 
cows were markedly lower than in the jugular 
plasma. 

From Table 3 it is evident that there were no 
pronounced differences between the amino acid 
concentrations in the jugular and mammary venous 
plasma of two dry cows. 

These arteriovenous differences were measured to 
give information on the amino acids used by the 
mammary gland for protein synthesis, and they will 
do so only if the concentrations of free amino acids 
in milk are low. The same four free amino acids were 
determined in samples of cows’ and goats’ milk, and 
the concentration of each was found to be less than 
1% of its concentration in milk in combination as 
protein. 


Table 2. Concentrations of free amino acids in 
samples of blood plasma taken simultaneously 
from the jugular and mammary veins of lactating 
cows 
J=mg. of amino acid/100 ml. of plasma from jugular 

vein; M=mg. of amino acid/100 ml. of plasma from 

Mammary vein. 


J-M 
J M J-M x 100 
Cow 3 
Glutamine 4-76 3-98 0-78 16-4 
Glutamic acid 1-14 0-66 0-48 42-1 
Threonine 0-92 0-51 0-41 44-5 
Serine 0-88 0-57 0-31 35:3 
Cow 4 
Glutamine 4-73 3-74 0-99 20-9 
Glutamic acid 1-14 0-87 0-27 23-7 
Threonine 0-99 0-52 0-47 47-5 
Serine 1-00 0-89 0-11 11-0 
Cow 5 
Glutamine 5-11 4-28 0-83 16-2 
Glutamic acid 1-56 0-88 0-68 43-6 
Threcnine 0-85 0-54 0-31 36-5 
Serine 0-89 0-58 0-31 34-8 


Table 3. .Concentrations of free amino acids in 
samples of blood plasma taken simultaneously 
from the jugular and mammary veins of dry cows 


J =mg. of amino acid/100 ml. of plasma from jugular 
vein; M=mg. of amino acid/100 ml. of plasma from 
mammary vein. 





Cow 6 Cow 7 
c , ‘ ¢ -— — ‘ 
os M J M 
Glutamine 4-31 4-44 4-99 4-73 
Glutamic acid 1-47 1-36 1-40 1-57 
Threonine 0-75 0-89 0-96 0-98 
Serine 0-67 0-72 0-83 0-81 
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DISCUSSION 


The results show that when blood flows through the 
mammary gland of a lactating cow, the glutamine 
and glutamic acid concentrations fall considerably. 
It is impossible to calculate accurately the arterio- 
venous difference which will be found for the 
precursor of a component of milk (Folley, 1949), but 
a rough calculation can be made. Cows’ milk 
contains about 3% of casein (Davis & Macdonald, 
1953), and when 100 g. of casein is hydrolysed it 
gives 22-4 ¢. of glutamic acid (Gordon, Semmett, 
Cable & Morris, 1949), about half of which is derived 
from glutamine (Barry, 1956). Cows’ milk there- 
fore contains about 336 mg. of both protein glut- 
amine and glutamic acid per 100 ml. (ignoring the 
0-5 % of whey proteins in milk). Evidence from 
a number of experiments suggests that about 
400 vol. of blood plasma flow through the mammary 
gland of a cow for each volume of milk secreted 
(Folley, 1949). Therefore, if the glutamine and 
glutamic acid of casein come from the glutamine and 
glutamic acid of plasma respectively, there should 
be an arteriovenous difference for each of about 
0-8 mg./100 ml. of plasma. This calculation is very 
rough, but shows that the arteriovenous differences 
which were found were of the correct order of 
magnitude. 

Casein yields 4-9% of threonine and 6-3% of 
serine (Gordon et al. 1949), and the arteriovenous 
differences of their precursors should therefore be 
about 0:37 and 0-47 mg./100 ml. of plasma re- 
spectively. The measured arteriovenous differ- 
ences for threonine therefore confirm an earlier 
conclusion that all the essential amino acids of 
casein come from the free amino acids of plasma 
(Barry, 1952); and those for serine suggest that 
the serine of casein is derived at least partly from 
the free serine of plasma. 


SUMMARY 


1. Arteriovenous differences for the free glut- 
amine, glutamic acid, threonine and serine of 
blood plasma have been determined across the 
mammary glands of both lactating and dry cows. 
In lactating cows the concentrations were up to 
55% lower in the mammary venous blood than in 
the arterial; no marked differences were found 
in dry cows. 

2. The results confirm the conclusions based on 
experiments with isotopic tracers that the glut- 
amine and glutamic acid residues of casein come 
from the free glutamine and glutamic acid of blood, 
and that the essential amino acids of casein come 
from the free essential amino acids of blood. It 
also seems that the serine of casein comes at least 
partly from the free serine of blood. 
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Metabolism of Polycyclic Compounds 


10. ESTIMATION OF METABOLITES OF NAPHTHALENE BY 
PAPER CHROMATOGRAPHY * 


By E. BOYLAND anp J. B. SOLOMON 
Chester Beatty Research Institute (Institute of Cancer Research, Royal Cancer Hospital), 
Fulham Road, London, S.W. 3 


(Received 23 September 1955) 


The examination by paper chromatography of the 
urine of rats dosed with naphthalene has shown that 
most of the metabolites of naphthalene could be 
detected in ultraviolet light. An advantage of this 
method is that urines can be examined without 
any previous chemical treatment. As quantitative 
elution from the paper chromatograms was 
difficult, the relationship between the spot area and 
amount of substances on paper chromatograms 
(Fisher, Parsons & Morrison, 1948) was investi- 
gated. Several authors have used this relationship 
to determine fatty acids (Reid & Lederer, 1951; 
Bryant & Overell, 1953), amino acids (Ohtsu & 
Mizuno, 1952) and indolyl-3-acetic acid (Bennet- 
Clark, Tambiah & Kefford, 1952). A method 
depending on spot areas similar to that used by 
Reid & Lederer (1951) for the estimation of fatty 
acids has been developed for the estimation of 
metabolites of naphthalene. 


EXPERIMENTAL 


Materials 
1-Naphthol and 2-naphthol (A.R., British Drug Houses 


Ltd.) were each recrystallized from water before use. 
1:2-Dihydronaphthalene-1:2-diol (m.p. 126°) was isolated 
from the urine of rats dosed with naphthalene by the method 
of Booth & Boyland (1949). 1-Naphthylsulphurie acid 
(potassium salt) was prepared by the method of Burkhardt 
& Lapworth (1926). 1-Naphthylglucosiduronic acid was 


* Part 9: Booth, Boyland & Manson (1955). 


isolated from the urine of rats dosed with 1-naphthol by the 
method of Berenbom & Young (1951). 

1:2-Dihydro-2-hydroxy-\-naphthylglucosiduronic acid. A 
powder containing 80% of the barium salt of 1:2-dihydro- 
2-hydroxy-1l-naphthylglucosiduronic acid was _ isolated 
from the urine of rats dosed with naphthalene. During the 
isolation of the triacetylmethyl ester of 1:2-dihydro-1- 
naphthylglucosiduronic acid Boyland & Solomon (1955) 
eluted 1:2-dihydro-2-hydroxynaphthylglucosiduronic acid 
from a charcoal column containing adsorbed metabolites of 
naphthalene with 50% aqueous acetone. The concentrated 
eluate was purified on a cellulose-powder partition column 
from which it was eluted with isopropanol—water (4:1). The 
fractions eccntaining 1:2-dihydro-2-hydroxy-1-naphthyl- 
glucosiduronic acid were evaporated to low volume under 
reduced pressure, neutralized with Ba(OH), solution and 
crystallized from 95% aqueous propan-2-ol. After a few 
days at 4° a solid separated which on recrystallization from 
95% aqueous propan-2-ol yielded a white solid. Measure- 
ment of the light-absorption at 264 mu. indicated that this 
powder consisted of the barium salt of 1:2-dihydro-2- 
hydroxy-l-naphthylglucosiduronic acid in 80% purity 
(based on ¢,,,, Value of 1:2-dihydronaphthalene-1:2-diol 
component). Some of the powder was incubated at 37° with 
10 Sigma units/ml. of bacterial glucuronidase (Sigma) at 
pH 6-0 for 5 hr.; the aqueous solution was extracted with 
benzene and the extract dried (Na,SO,). Evaporation of the 
benzene to small volume and crystallization from a benzene— 
light petroleum (b.p. 60-80°) yielded crystals of (—)-1:2- 
dihydronaphthalene-1:2-diol, m.p. 126°, [«]j-156° in 
ethanol (c, 0-5). The powder gave a strong naphtha- 
resorcinol reaction and a precipitate of BaSO, with dilute 
H,SO,. Paper chromatography (solvent I, Table 1) showed 
that no other known metabolites of naphthalene were 
present. 
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1:2-Dihydro-1-naphthylglucosiduronic acid was obtained 
in solution from the urine of rats dosed with naphthalene by 
the method of Boyland & Solomon (1955); the absence of 
any other metabolites of naphthalene was checked by paper 
chromatography. 1-Naphthylmercapturic acid was iso- 
lated from the urine of rats dosed with naphthalene by the 
method of Bourne & Young (1934). 


Detection of metabolites on paper chromatograms 


All the known metabolites of naphthalene can be detected 
with ultraviolet light (mainly 25364) with a Chance OX7 
filter and a Hanovia Chromatolite. The metabolites possess- 
ing a 1:2-dihydronaphthalene structure can be seen as dark 
absorbent regions after drying the paper chromatograms. 
1-Naphthol and 2-naphthol, and their ethereal sulphates 
and glucosiduronic acid derivatives, become fluorescent on 
exposure to NH, although small amounts of the gluco- 
siduronic acids could not be reliably detected by this 
method. 

1-Naphthol and 2-naphthol were detected by spraying 
chromatograms with a mixture of freshly diazotized 
0-0005M p-nitraniline solution and ethanol (4:1). After the 
papers had dried at room temp. for 10 min. and the coloured 
acid p-nitraniline azo compounds were completely formed, 
they were converted into sodium salts by spraying with 
M-Na,COQ,. 

1:2- Dihydronaphthalene- 1:2-diol, 1-naphthylsulphuric 
acid, 1-naphthylglucosiduronic acid and 1:2-dihydro-2- 
hydroxy-l-naphthylglucosiduronic acid (all acid-labile 
l-naphthol precursors) were detected after acid hydrolysis 
on the paper chromatogram. The chromatogram was 
sprayed with a mixture of conc. HCl] and ethanol (1:2) and 
heated in an oven at 70° for 5-10 min., when these sub- 
stances gave mauve spots. The paper was then treated as for 
the free phenols with diazotized p-nitraniline. By this 
method 1:2-dihydronaphthalene-1:2-diol, 1:2-dihydro-2- 
hydroxy-1l-naphthylglucosiduronic acid and 1-naphthyl- 
sulphuric acid yielded intensely coloured p-nitraniline azo 
compounds, whereas 1-naphthylglucosiduronic acid gave 
a faintly coloured azo compound. 

The colours given by these metabolites of naphthalene are 
shown in Table 1. When the pink fluorescent spot from 1- 
naphthylmercapturic acid was sprayed with 5n-NH, soln., 
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and heated at 60° for 2 min. an orange fluorescence was 
observed. A somewhat similar reaction was noticed by 
Patton, Foreman & Wilson (1949) when free amino acids 
were heated on paper. Estimations of 1-naphthylmercap- 
turic acid were made by measuring the area of this orange 
fluorescent spot. 


Chromatographic technique 


Application of solutions to paper. The starting line was 
drawn 8 cm. from the end of each sheet of paper for down- 
ward development, and 1-5 cm. for those used for upward 
development. Four spots of each sample of urine were run 
alongside each other and the standard solutions (three 
different amounts of each metabolite) were applied near the 
centre of the paper. No spots were placed less than 5 cm. 
from the side of the paper, and only 15 or 16 spots were run 
on each sheet of paper (56cm. x45cm.). The area of 
applied spots was about 1 em.? 

As three of the metabolites of naphthalene are glucuro- 
nides which cannot be extracted into organic solvents 
without acidification, the urine had to be applied direct to 
the paper. The concentrations of metabolites of naph- 
thalene in the urine of rats dosed with naphthalene were 
usually high enough to enable determinations to be made 
with 0-005-0-02 ml. of urine applied to the paper. To 
eliminate errors due to the effects of salt on the formation of 
the spots, all standard solutions were applied to the starting 
line on top of previously applied normal rat urine (volume 
approximately the same as the urine containing metabolites 
of naphthalene). 

Solvent systems. The upper layers of the solvent mixtures 
given in Table 1 were used. 

Measurement of spot areas. As the errors involved in the 
use of a planimeter have been quoted as + 2% (Fisher et al. 
1948) and +40% (Reid & Lederer, 1951), the error of the 
planimeter (Allbrit fixed-index pattern) was determined. 
Each area was measured ten times and the coefficient of 
variation (Table 2a) was as high as +20% for small areas 
(0-5 em.?). To reduce this error the spot areas were magnified 
(about 20 times) on a photographic enlarger; this step 
would obviously be unnecessary if a more sensitive type of 
planimeter were used. Spots were outlined on the chro- 
matograms with a sharp pencil and traced. The outlining 


Table 1. Colour reactions and R, values of metabolites of naphthalene on paper chromatograms 


Direction of development (A, ascending; D, descending), paper and time are given in parentheses after solvents. 
Solvent systems: I, n-butanol-ethanol-water (17:3:20, by vol.) (D, Whatman no. 1, 16 hr.); II, 0-1N-NH; soln. (A, What- 
man no. 3 MM, 2 hr.); III, n-butanol satd. with 2N-NH, soln. (D, Whatman no. 1, 16 hr.). 


Diazotized p-nitraniline 


azo compound Ry values in solvent system 
A AK 





NH, and r 


Compound u.v. light 


1-Naphthol 
2-Naphthol 
1:2-Dihydronaphthalene-1:2-diol 
1-Naphthylsulphuric acid 
1-Naphthylglucosiduronic acid 
1-Naphthylmercapturic acid 
1:2-Dihydro-1-naphthylgluco- 
siduronic acid 
1:2-Dihydro-2-hydroxy-1- 
naphthylglucosiduronic acid 


Light blue 
Dark blue 
Black 

Dark blue 
Dark blue 
Pink 

Black (no NH,) 


Black 


~ 


Acid Alkaline I Il Il 
Orange Blue 0-96 0-60 0-95 
Pale green Orange 0-96 0-53 0-95 
Orange* Blue* 0-86 0-85 0-85 
Orange* Blue* 0-69 0-95 0-51 
Orange* Blue* 0-15 0-95 0-30 

— _— 0-55 0-95 0-37 

— _ 0-22 0-95 0-23 
Orange* Blue* 0-08 0-95 0-20 


* Colours were produced after hydrolysis with ethanolic HCI as described in the text. 
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was of the spots of unknowns and standards was carried out by that the areas of the spots after chromatographic 
by the same observer. The tracings were then projected from development have a tendency to increase when the 
cids a — ore * 20 times magnification. The gjameter of the applied spot of 1:2-dihydronaph- 
“ap- magnified spots were outlined on paper and then measured thalene-1:2-diol and 1:2-dihydro-2-hydroxy-l-naph- 
nge with a planimeter. : 7 : 5 : ’ : 
thylglucosiduronic acid was greater than about 
Estimation of metabolites in urine 1-6 cm., and when that of 1-naphthylsulphuric acid 
1-Naphthol and 2-naphthol in the urine of rats dosed with = grate than -~ sae am he cna ” _ 
a naphthalene were estimated by measurement of their applied spot _— 3-2 em. the spot areas of the 
sa, separate spot areas on chromatograms as determined by glucuronide and diol after development were 
ae fluorescence in the presence of NH, under ultraviolet light. | respectively 1-2 times and 1-4 times greater than the 
ni 1:2- Dihydronaphthalene-1:2-diol, 1-naphthylsulphuric average values obtained from the smaller diameters 
ae acid, 1-naphthylglucosiduronic acid and 1:2-dihydro-2- of the applied spots; 1-naphthylsulphuric acid 
tin hydroxy-1-naphthylglucosiduronic acid were estimated on ghowed an increase of 2-2 times under these condi- 
cm. one paper chromatogram (solvent I) by measuring the spot tions. However, this effect is not relevant to the 
run areas of the acid azo compounds formed with diazotized catimations of these metabolites as then the 
or p-nitraniline. 1:2-Dihydro-l-naphthylglucosiduronic acid di t f th lied ate aeek sail 
was estimated by measuring the black absorbent area under nn we eee — ae yee om 
aa ultraviolet light and 1-naphthylmercapturic acid by the certainly not greater than 1-3 cm. 
, ared > orange ES -e descri bove. Sees : , 
ents a ae Sage Sn eerD ee Variation in the chromatographic behaviour 
‘ : between sheets of paper 
Lot SSULTS es ; ; 
cael RESULTS Although all determinations of a given metabolite 
ade Four observers tested the magnification method on Of naphthalene were made on paper chromato- 
To one traced area (10 determinations);the humanand grams in one tank, considerable variation in spot 
n of the planimeter error by this magnification method ~ ee ae ro ae 
ing | is shown by a coefficient of variation of less than Table 2. Errors of planimetric measurement 
me j ; ; 
ites = 0-8 % = an area which was 4 cm.? before magni- m=Standard error of the mean where n=2; V =coeffi- 
fication (Table 26). cient of variation (standard error %) and n=number of 
er 5 ‘ P determinations (10). 
— Variation of the size of the applied spot (9) 
‘ ae a oes (a) Planimeter errors in the measurement of small areas 
the Berry, Sutton, Cain & Berry (1951) have indicated 
t al. that the size of the original applied spot has an nae 
shy a : & PP = (cm.?) tom F 
the influence on the final spot areas of the developed 0-49 0-01 24-30 
- chromatograms. This has now been investigated 3-58 0-01 "3-40 
i quantitatively by the use of metabolites with low, 9-74 0-01 1-12 
ied medium and high R, values. Aqueous solutions con- a aaa o 
tep taining 1:2-dihydronaphthalene-1:2-diol (10 yg.), z a ; ; 
ok 1-naphthylsulphuric acid (5 ng.) and 1:2-dihydro-2- (6) Reproducibility of the magnification method 
ro- hydroxy-1l-naphthylglucosiduronic acid (20,yg.) Ob Mean area y 
ing were applied to the starting line so that the areas of a —— ane 
the initial spots varied (no urine present). The - a oan pte 
. ” P he 
paper was then developed with solvent I, and the C 80-3 0-14 0-46 
spot areas were measured (Table 3). Results show D 80-9 0-21 0-47 
nts. ee ee : oe eA co 
1at- ; 
Table 3. Influence of the size of the original applied spot on spot areas of a developed chromatogram 
The applied spots contained the same amount of metabolite in each case. 
: Applied spot Magnified spot areas after development with solvent I (em.?) 
~ ; ; 
‘ = < . _ r = Y a eee Se ia Oe oP a ae 
Approx. diameter 1:2-Dihydro-2- 
of spot before Magnified 1:2-Dihydro- 1-Naphthyl- hydroxy-1-naphthyl- 
magnification area naphthalene- sulphuric glucosiduronic 
(cm.) (em.?) 1:2-diol (10 ug.) acid (5 ug.) acid (20 yg.) 
| 1-1 18-2 42-7 93-1 24-4 
1-1 20-8 42-7 82-7 28-0 
1-2 24-9 43-0 88-4 25-4 
1-3 27-2 41-0 92-7 278 
1-6 40-4 42-5 114-5 26-8 
1-9 55°8 51-3 117-2 32-6 
2-8 122-7 55-0 157-2 33-6 
3-2 165-7 54-5 196-9 38-1 
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areas on the chromatograms occurred between 
separate sheets of paper (cf. Bryant & Overell, 
1953). The restriction on the possible number of 
spots that can be run on one sheet of paper would, in 
our view, decrease the precision with which a 
standard curve could be drawn from a very re- 
stricted number of observations more than it 
would increase the overall precision of the curve 


125 


75 


50 


Enlarged spot area (cm.?) 





0 10 


20 30 
Amount applied (ug.) 


Fig. 1. Spot area—concentration curves of metabolites of 
naphthalene. @, 1-Naphthylsulphuric acid; (, 1- 
naphthylmercapturic acid; O, 1:2-dihydronaphthalene- 
1:2-diol; m, 1:2-dihydro-1-naphthylglucosiduronic acid; 

1:2 -dihydro -2- hydroxy - 1 -naphthylglucosiduronic 





acid. 
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owing to the specific elimination of paper to paper 
variability. The method adopted for obtaining the 
standard curve (the linear regression line of best 
fit calculated from the pooled observations for each 
metabolite) does not eliminate this variable. 


Spot area—concentration curves 


Various amounts of each metabolite of naph- 
thalene were applied to paper chromatograms and 
after development the spot areas were measured. 
Curves relating the amount of metabolite to its 
spot area are shown in Figs. 1 and 2. The limits to 
the amounts used were the amount that could be 


100 


a 
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Enlarged spot area (cm.?) 
wn 
oO 


nN 
wn 


0 
0 10 20 30 
Amount applied (ug.) 


40 


Fig. 2. Spot area—concentration curves of metabolites of 
naphthalene. A, 1-Naphthol; @, 2-naphthol; ©, 1- 
naphthylglucosiduronic acid. 


Table 4. Constants of the regression lines of the form y=a+ bx, with confidence limits, expressing 
the relationship between spot area and concentration of metabolites of naphthalene 


Minimum Concn. range 
Constants of the Standard error amount (linear) for 
No. of regression lines of estimate* required for quantitative 
determi- — 7 —— detection estimation 
Metabolite nations a b (+mg-) (tem.") (yg./spot) (ug-) 
1:2-Dihydronaphthalene-1:2-diol 48 -0-71 0-22 0-7 3-22 1 5-20 
1:2-Dihydro-2-hydroxy-1-naphthyl- 48 14-36 0-26 10-0 10-8 2 10-40 
glucosiduronic acid 
1:2-Dihydro-1-naphthyl- 36 —0-19 0-23 1-0 4-24 2 5-20 
glucosiduronic acid 
1-Naphthylmercapturic acid 54 -2-11 0-10 0-4 4-20 ] 5-20 
1-Naphthol 24 —0-21 0-04 0-02 0-57 0-2 0-5-2-0 
2-Naphthol 24 — 0-38 0-04 0-01 0-30 0-2 0-5-2-0 
1-Naphthylsulphuric acid 39 0-74 0-05 0-8 2-00 0-5 2-5-10 
1-Naphthylglucosiduronic acid 48 2-87 0-29 1-1 3-82 1 5-20 





* Ezekiel, 1947. 














56 


er 
he 
st 
ch 


id 





Vol. 63 


detected (Table 4) and the amount just before 
overloading and consequent streaking of the 
chromatogram. The standard curve of each meta- 
bolite for the purpose of estimation was chosen 
within a range where the relationship of spot area 
and concentration was substantially linear (Table 4). 
The amount of metabolites in the volume of urine 
applied to the paper (0-005-—0-02 ml.) usually fell 
within these limits; but sometimes larger volumes 
of urine or a dilution was necessary to bring the 
amounts of metabolites present within the range of 
the standard curve. 

The variation in spot area for a given amount of 
metabolite may be different for large and small 
amounts. As the standard error of estimation was 
calculated from the pooled spot areas given by 
three different amounts of metabolite, this error 
will apply over the whole regression line only if the 
coefficients of variation are the same for each 
different amount. The coefficients of variation at the 
three amounts of metabolite chosen to form each 
standard curve were measured by developing five 
spots at each of three amounts on one sheet of 
paper. The coefficients of variation of the spot areas 
for all the metabolites estimated were within the 
range + 0-8-9-0 % except for low concentrations of 
l-naphthylglucosiduronic acid (5yug.), which was 
26-0%; this is due to the difficulty of detecting 
small amounts of this metabolite. 

The standard curve used for the estimation was 
now obtained by calculating the linear regression 
line of best fit from the pooled observations made on 
each metabolite for the whole series of experiments. 
The equations for these lines, with the confidence 
limits (the standard error of estimate adjusted for 
the number of observations used in the calculation) 
are given in Table 4. The estimate was made from 
the mean of four estimates of the unknown and 
these standard curves. 


DISCUSSION 


This method enables a quantitative examination of 
naphthalene metabolism to be made. The great 
advantage of the method is that no previous 
chemical treatment of the urine is necessary before 
application to the paper so that acid-labile meta- 
bolites such as_ 1:2-dihydro-1-naphthylglucosid- 
uronic acid can be measured. The spot area—concen- 
tration curves show a definite relationship between 
the amount of metabolite present in a spot and the 
spot area. Certain spot-area curves (e.g. those of 
1:2-dihydronaphthalene-1:2-diol, 1-naphthylgluco- 
siduronic acid and 1l-naphthylmercapturic acid) 
show an exponential relationship to the amounts 
present over a wide range. 

Generally the increase in spot area for increased 
amount of glucuronides is much lower than that for 
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metabolites of naphthalene possessing higher R, 
values. On the other hand, the very steep curves for 
1- and 2-naphthol show a wide variation in spot 
area for small changes in amount present with 
consequent higher accuracy for the determinations 
of these phenols. 

The confidence limits show that the method 
adopted is reasonably accurate for 1:2-dihydro- 
naphthalene-1:2-diol, 1:2-dihydro-1-naphthylgluco- 
siduronic acid, 1-naphthyl mercapturic acid, 1- 
naphthol, 2-naphthol, 1l-naphthylsulphuric acid 
and 1-naphthylglucosiduronic acid; but that 1:2- 
dihydro-2-hydroxy-1-naphthylglucosiduronie acid 
cannot be estimated with any reasonable degree of 
precision. 


SUMMARY 


1. Some metabolites of naphthalene, including 
l-naphthol, 2-naphthol, 1:2-dihydronaphthalene- 
1:2-diol, 1-naphthylsulphuric acid, 1-naphthyl- 
mercapturic acid, 1-naphthylglucosiduronic acid 
and 1:2-dihydro-1-naphthylglucosiduronic acid, can 
be estimated by the area of the spots which they 
form on paper chromatograms. 

2. Confidence limits have been determined for the 
calculated regression lines of best fit relating spot 
areas with the amounts of each metabolite present. 
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The esterases of animal tissues have generally been 
characterized by their substrate specificity and by 
their behaviour towards various inhibitors. The 
irreversible inhibition by organic phosphates, 
which is due to phosphorylation of the active group 
(Burgen, 1949; Wilson & Bergmann, 1950a; 
Aldridge, 1953d), is a common property of most 
esterases, an interesting exception being the A- 
esterase of Aldridge (1953a,b). This general 
behaviour suggests a similar structure of most of 
the esteratic groups responsible for the hydrolytic 
reaction. 

True cholinesterase has been characterized, in 
addition to the properties mentioned, by the dis- 
sociation constants of its esteratic site (Wilson & 
Bergmann, 1950b). However, the negative charges 
present in the active centre of this enzyme are 
also pH-dependent and thus interpretation of the 
experimental data obtained with acetylcholine 
(ACh) as substrate is difficult (Bergmann & Shimoni, 
1952a). This difficulty can be met by studying the 
influence of pH changes on the enzymic hydrolysis 
of uncharged esters, since in such a system all 
variations of activity can be ascribed solely to 
structural changes of the esteratic site. 

In the present investigation, such procedures 
have been applied to true and pseudocholinesterase 
and to an unspecific liver esterase. From these 
experiments certain conclusions about the chemical 
structure of the esteratic sites can be drawn, and a 
rational interpretation can be derived for the bell- 
shaped curves relating hydrolytic rates to substrate 
concentration which have been found not only in the 
system true cholinesterase—acetylcholine, but with 
other esterases and a variety of uncharged sub- 
strates (Bergmann & Shimoni, 1953). In addition, 
the dissociation constants of the anionic sites in 
both types 6f cholinesterases have been determined 
and a tentative explanation of the curious values 
obtained has been advanced. 

art of the results described in this paper have 
been communicated at the Meeting of the Faraday 
Society held at Oxford in August 1955 (Bergmann, 
1955). 


MATERIALS AND METHODS 


Substrates. The esters used were commercial samples, 
purified by distillation. The preparation and properties of 
the fluoroacetates have been described previously (E. D. 


Bergmann & Blank, 1953; Bergmann & Shimoni, 1953). For 
the pH range 5-8-5 the buffer used was 0-1 Mm phosphate, for 
higher pH values 0-1M borate. Sodium was the only cation 
present. 

Enzyme preparations. Two samples of true cholinesterase 
were used. (a) A preparation from the electric organ of 
Torpedo marmorata was obtained through the courtesy of 
Professor D. Bovet, Istituto Superiore de Sanita, Rome. The 
purified solution of the enzyme, when diluted 1:30 000, 
hydrolysed 9-6 umoles/ml./hr., with 4x10-°m ACh as 
substrate. (6b) The enzyme from Electrophorus electricus was 
a gift of Professor C. Chagaz, Department of Physiology, 
University of Brazil, Rio de Janeiro. The eel enzyme, 
diluted 1:1000, hydrolysed 6 wzmoles of ACh/ml./hr., with 
the same substrate concentration as before. 

The pseudocholinesterase used was the crystalline 
fraction IV-6-III from human serum, prepared in the 
laboratory of the late Professor E. Cohn, Harvard 
Medical School, Boston. This preparation (0-1 mg./ml.) 
hydrolysed 8moles/ml./hr., with 6x10-?m ACh as 
substrate. 

Dog-liver esterase. This was prepared as described pre- 
viously (Bergmann & Shimoni, 1952). However, the 
colour of the preparation interfered with the analytical 
procedure and its high protein content caused turbidity and 
precipitation at acid pH. Therefore, the protein fraction, 
obtained from dog liver between 17 and 25% (w/v) 
(NH,),SO,, was dissolved in distilled water, brought to 15% 
(w/v) (NH,).SO, and the precipitate discarded. The next 
fraction, precipitating between 15 and 25 % (w/v) (NH,).SO,, 
represented approximately two-thirds of the total enzymic 
activity. It was further purified by repetition of the above 
procedure, but fractionating within narrower limits, i.e. 
(a) 0-15 %, (b) 15-20%, (c) 20-23% and (d) 23-25% (w/v) 
(NH,).SO,. The last precipitate (IIId), with a protein 
content of 16-6 mg./ml., was practically colourless and 
served for the preparation of the stock solution. When 
diluted 1:100, it produced 6-6 umoles of CO,/ml./hr., with 
0-43 diacetin as substrate. 

It is noteworthy that the ratio of activity for diacetin and 
isopropyl fluoroacetate remained approximately constant 
during the various purification steps, whereas the enzymic 
hydrolysis of acetyl- and propionyl-choline decreased 
steadily. The liver enzyme IlId, which was used in the 
colorimetric experiments, showed such a low activity 
towards choline esters that measurements with these sub- 
strates had to be extended over long periods. Therefore, 
extrapolation of the enzymic activity to zero time, a 
necessary procedure in view of the competition between H* 
ion and cationic substrate (Wilson & Bergmann, 19506), 
became unreliable. 

Hydrolysis. This was measured by the method of Hestrin 
(1949), which was found applicable to alkyl halogenoacetates 
with the modifications described in Table 1. 
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Ester concentrations. These were selected according to the fore, the rate of hydrolysis has to be measured under non- 
following considerations: (1) Initial solutions had to be competitive conditions, i.e. by extrapolation to zero time. 
made without ethanol, which inhibits the enzymes studied This requires sampling at short intervals. Thus, at pH 6-5-8 
to various degrees (Bergmann & Shimoni, 1953). (2) samples were usually taken out at 1, 2,3 and 4 min. In the 
Addition of the ester to the incubated mixture of enzyme acid range, increasingly longer reaction times had to be 
plus buffer at zero time should not dilute this mixture used, in view of the rapidly decreasing activity of the 
appreciably, in order not to disturb the equilibrium estab- enzymes. In the alkaline range, such an adjustment was 
lished between enzyme and hydrogen ions. (3) The final not feasible because of the spontaneous hydrolysis of the 
concentrations of substrate should be near that yielding — esters. The conditions used in these experiments are shown 
maximal rates as determined previously (Bergmann & _ in Table 2. 

Shimoni, 1953). (4) The samples taken out for colorimetric The rates were calculated by plotting ester hydrolysis as 
determination should be large enough for accurate analysis, a function of time and extrapolating to zero time. The 
the upper limit being set by a colorimetric reading of 3000n spontaneous hydrolysis was measured at the same time and 
a Klett-Summerson photoelectric colorimeter. (5) The subtracted from the enzymic rates. The correction was 
equilibrium between H* ions and enzyme is disturbed by _ negligible for n-propyl acetate at any pH. In the alkaline 
the substrate, which competes for the active surface. There- range (above pH 9) all halogenoacetates underwent non- 


Table 1. Colorimetric determination of esters as hydroxamic acids 


The sample taken was made up to 1 ml., then 2 ml. of a mixture of equal parts of 2m hydroxylamine sulphate and 
3-5n-NaOH was added and the solution incubated, as indicated. Then 1 ml. each of 3-5N-HCl and of 0-74m-FeCl,, dis- 
solved in 0-1N-HCl, were added. Readings were taken immediately with a Klett-Summerson photoelectric colorimeter. 
Results are given per umole of ester/ml. of the final mixture. 


Reaction with NH,OH Fading rate 
————-.-74>9—_ of ferric 
Temp. Time Klett units/ Klett filter complex, Klett 
Ester (°) (min.) pmole/ml. no. units/min. 
n-Propyl fluoroacetate 30 10 59 50 2 
isoPropyl flucroacetate 35 40 58 50 2 
n-Butyl fluoroacetate 35 30 58 50 3 
Ethyl chloroacetate 27 f 60 50 10 
n-Propyl chloroacetate 27 4 60 50 6 
Ethyl bromoacetate 27 4 58 50 5 
n-Propyl acetate 27 2 82 54 0 
Acetylcholine 27 1 98 54 1 


Table 2. Conditions of enzymic hydrolysis of various esters 


Initial substrate concentration defines the standard solution prepared, portions of which were added to the previously 
incubated mixture of enzyme and buffer, so as to obtain the final substrate concentration. Enzyme dilution refers to the 


stock solutions, described in Methods. 
Enzymic 


hydrolysis 
Substrate conen. (mM) at pH 7 Size of 
Temp. Enzyme ao (umoles/ sample 
Ester (°) dilution Initial Final ml./min.) (ml.) 
(1) Liver esterase 
n-Propyl acetate 24 1:30 3x1¢-* 1x10" 1-0 0- 
isoPropyl fluoroacetate 25 1:27 1-5 x 10 2-5 x 10-? 1-4 0-2 
Ethyl chloroacetate 24 1:50 7-5 x 10-2 2-5 x 10-? 1-2 0-2 
(2) Serum cholinesterase 
Acetylcholine 36-5 1:3000 10-4 10-9 0-5 0-3 
n-Propyl fluoroacetate 36-5 1: 1000 9x 10-2 3-6 x 10-7 0-75 0-15 
n-Propyl chloroacetate 37 1: 1000 2x 10-2 10-2 0-6 0-5 
(3) Torpedo esterase 
Acetylcholine 23 1:10 000 6-6 x 10-° 3-3 x 10-% 0-5 0-8 
n-Propyl fluoroacetate 23 1:1000 9x 10-2 3-6 x 10-° 0-4 0-15 
n-Propyl! chloroacetate 23 1:500 2-4 x 10-? $x i¢-* 0-6 0-6 
(4) Eel esterase 
Acetylcholine 24 1:125 5x10-* 5x 10-3 0-8 0-6 
n-Butyl] fluoroacetate 28 1:300 3x 10-2 10-2 0-6 0-5 
Ethyl chloroacetate 23 1:30 7-5 x 10-2 2-5 x 10-2 2-0 0-2 
Ethyl bromoacetate 23 1:50 9x10-° 2-4 x 10-2 2-2 0-2 
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enzymic hydrolysis, the descending order being bromo-, 
chloro-, fluoro-acetate. All figures were expressed as per- 
centage of the maximum rate of the enzyme-substrate 
system under consideration. 


RESULTS 
Dissociation constants of the esteratic sites 


In Fig. 1 the results with dog-liver esterase have 
been summarized. All curves are similar and demon- 
strate that a polar substituent in the acyl portion 
of the ester has little influence on the position of the 
pH optimum, which for this enzyme is rather 
sharply defined. Acidic and basic dissociation 
constants of the esteratic site are thus practically 
independent of the type of substrate used. Both 
isopropyl fluoroacetate and ethyl chloroacetate 
have been found previously to possess a pS (—log S, 
where S is the substrate concentration) maximum 
(Bergmann & Shimoni, 1953), showing that in the 


Relative rate of hydrolysis (%) 





Fig. 1. pH-dependence of enzymic hydrolysis by dog-liver 
esterase. O, Ethyl chloroacetate; x, isoPropyl fluoro- 
acetate; @, u-Propyl acetate. Enzyme and substrate 
concentrations are given in Table 2. Buffer used for 
pH <8-5 is 0-1m phosphate, for pH >8-5, 0-1M borate, as 
their sodium salts. 
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system liver esterase—halogenoacetate a non- 
hydrolysable ES, complex is formed by excess of 
substrate. 

We can thus describe the system by the same four 
equilibria, applied previously to the combination 
true cholinesterase—acetylcholine (Wilson & Berg- 
mann, 19506), and use the equations derived there 
for the determination of pK, and pK,,, the dissocia- 
tion constants of the nucleophilic and the electro- 
philic groups of the esteratic site. The figures 
obtained in this way are represented in Table 3. 

When applying the same procedure to pseudo- 
cholinesterase, we have to take into account the 
presence of an anionic site (Bergmann & Wurzel, 
1954; Bergmann & Segal, 1954), which becomes 
progressively inactivated below pH 7 by recombi- 
nation with H* ions. However, with uncharged 
substrates we may neglect as a first approximation 
the influence of the anionic site on ester hydrolysis 
at the esteratic site or the changing polar forces 
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Fig. 2. pH-dependence of enzymic hydrolysis by human- 
serum cholinesterase. ©, Acetylcholine; @, n-propyl 
chloroacetate; x, n-propyl fluoroacetate. For details of 
experimental conditions see Table 2. 


Table 3. Dissociation constants of the components of the active centre of various esterases 











pk, pk, 
— A ~, pK of 
Enzyme Substrate or inhibitor of esteratic site anionic site 

Dog-liver esterase Ethy! chloroacetate 6-1 9-4 a 
isoPropyl fluoroacetate 6-8 9-2 — 

Human-serum cholinesterase n-Propyl chloroacetate 6-2 9-0 
Tetraethylammonium bromide — _— 6-5 
True cholinesterase from n-Propyl fluoroacetate 6-2 9-0 — 
Torpedo marmorata Tetraethylammonium bromide -—- 6-3 

True cholinesterase from Ethyl! chloroacetate 6-7 9-6 - 

Electrophorus electricus Ethyl bromoacetate 6-5 9-0 — 


Tetraethylammonium bromide — —_ 6-2 
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between the anionic site and the halogen atom. We 
apply therefore the same equations as above. 
Indeed, justification for this procedure can be found 
in the similarity of the pH activity curves in Fig. 2 
with those in Fig. 1. The dissociation constants, 
derived for human-serum cholinesterase, are in the 
same range as those for liver esterase (see Table 3). 
However, the curve for ACh deviates from those 
for all other substrates, mainly in the alkaline 
range. This phenomenon, which is probably related 
to the interaction of the cationic group in ACh with 
the anionic site, is discussed below. 
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Fig. 3. pH-dependence of enzymic hydrolysis by Torpedo 
esterase. x, Acetylcholine; @, »-propyl chloroacetate; 
O, n-propyl fluoroacetate. For details of experimental 
conditions see Table 2. 
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Fig. 4. pH-dependence of enzymic hydrolysis by eel 
esterase. O, Acetylcholine; x, ethyl chloroacetate; @, 
ethyl bromoacetate; A, n-butyl fluoroacetate. For 
details of experimental conditions see Table 2. 
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Maximum inhibitory effect (%) 





Fig. 5. pH-dependence of the inhibitory effect of tetra- 


ethylammonium bromide on cholinesterases. @, Eel 
esterase 1:125, ACh 4x10-°m, Et,N* 5x10-*m; 


O, Torpedo esterase 1:5000, ACh 4 x 10-*m, Et,N* 2-5 x 
10-*m; x, serum cholinesterase (quoted from Bergmann 
& Wurzel, 1954). 


The two representatives of true cholinesterase, 
used in our experiments, show a different pH 
dependence (Figs. 3, 4). The Torpedo enzyme is 
similar to serum cholinesterase, but for the system 
eel esterase—n-buty] fluoroacetate a shift of the pH 
optimum to about 9 has been observed. This 
behaviour is shared by the ethyl and n-propyl esters 
and may be ascribed to an interaction of the 
fluorine atom with a group at the enzyme surface. 


Dissociation constants of the anionic sites 


For the evaluation of these constants the pH- 
dependence of inhibition by tetraethylammonium 
bromide has been used. The enzyme and a constant 
concentration of inhibitor were imecubated with 
buffers of various pH for 1 hr., then ACh was added 
and hydrolysis determined after 1, 2, 3 and 4 min. 
The rates obtained by extrapolation to zero time 
were compared with the inhibitor-free controls for 
the calculation of the percentage inhibition. The 
maximum inhibitory effect (between pH 7 and 9) 
was then put equal to 100 and the results in the acid 
pH range were expressed as a percentage of this 
maximum, to compare different sets of experiments 
with different enzymes (see Fig. 5). The descending 
branches of the curves in Fig. 5 have been treated as 
titration curves to evaluate the apparent dissocia- 
tion constants of the anionic sites. The figures 
derived in this way are also included in Table 3. 


DISCUSSION 


The results in Table 3 demonstrate that for all 
esterases used in the present study the dissociation 
constants of the esteratic site, pK, and pK,, fall 
within a rather narrow range. This supports the 
assumption that the active group, responsible for 
hydrolysis, is essentially the same in all of them. 
Since no prosthetic group has been found in 
esterases, we may assume that the components of 


688 


the active centre are amino acids. On this basis, the 
value of pK, x 6-5 suggests the presence of histidine, 
the iminazole group of which is in equilibrium with 
its cation and possesses a pK of 6—7 in various 
peptide combinations (Cohn & Edsall, 1943). It 
should be noted that our value for pK, is lower than 
the corresponding value of pKyy =7-2, derived 
previously from the system eel esterase-ACh 
(Wilson & Bergmann, 19505). 

The second dissociation constant, pK, ~ 9-3, has 
been interpreted previously to indicate an «-amino 
group (Bergmann, 1955). However, in peptides the 
pK of this group acquires a value of about 7-1—8-2 
(Ellenbogen, 1952). Our previous assumption thus 
needs correction. It now appears likely that the 
group responsible for the second dissociation con- 
stant is represented either by the p-hydroxyl group 
of tyrosine (pK in various peptides, 9-3—9-8) or, less 
probably, by the e-amino group of lysine (pK, 
9-6-10-7). In the former, we would have to assume 
that the un-ionized phenolic group is the active form 
and that dissociation into the phenoxide ion destroys 
the enzyme activity. For the «-amino group of 
lysine, on the other hand, we would have to conclude 
that only the ammonium form is active and that its 
conversion into the free base abolishes enzymic 
activity. 

If, as is usually assumed, the active portion of the 
enzyme molecule is composed of amino acids only, 
the anionic sites are most probably represented by 
the free carboxyl group of aspartic or glutamic acid 
(Bergmann, 1955). However, the B-carboxy] of the 
former in various peptides has a pK of 3-0—4-5, and 
the y-carboxy] of the latter shows a pK of 4-2—4-5. 
Thus, the experimental values found (see Table 3) 
are 2-3 units too high, but are surprisingly near the 
pX& value of the iminazole group. This suggests that 
we are measuring, in our experiments concerned 
with the pH variation of the anionic site (Fig. 5), 
not its inactivation by recombination with H* ions, 
but its association with the iminazolinium ion of the 
esteratic site. The anionic site is, so to speak, 
titrated by iminazolinium ion. In the true enzyme, 
we would have to assume that both carboxylate 
groups combine electrostatically with the same 
cation. The probability of the formation of such 
ion complexes is enormously increased on the 
surface of a protein molecule, because both anion 
and cation have only restricted freedom of motion, 
and the water, bound to the surface, behaves like 
a medium of dielectric constant. In this 
connexion it is of interest that neutralization of the 
two anionic sites in the true enzyme occurs at a 
somewhat lower pH than that of the single negative 
charge in the pseudo enzyme. In the former, the 


low 


iminazolinium ion has to compete with two positive 
ions in the surrounding solution. 
To summarize, we conclude that the active site of 
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esterases comprises at least two amino acid residues, 
namely histidine and tyrosine. For pseudocholin- 
esterase one residue of glutamic (or aspartic) acid 
has to be included, for the true enzyme two. In the 
latter, the two glutamate fragments may either be 
separated by one or more of the other amino acids 
required or they may be adjacent to each other. 
A model based on the latter alternative has been 
constructed and shows that in this case the distance 
between the two negative charges is of the appro- 
priate size to accommodate such a bis-quaternary 
ion as decamethonium. 

The structure of the active surface, suggested by 
the above considerations, sheds light on several 
experimental facts, which have so far eluded a 
rational explanation. 

(1) A bell-shaped pS-activity curve is observed 
not only for the system true cholinesterase—ACh, 
but also for the other esterases used in the present 
experiments, especially when halogenoacetates 
form the substrates (Bergmann & Shimoni, 1953). 
It should be noted that in these cases a second polar 
substituent is usually present in the molecule in 
addition to the ester grouping. Apparently, this 
favours the formation of an ES, complex. If there 
are two polar groups available, which can combine 
with corresponding polar portions of the protein 
molecule in the neighbourhood of the activesurface, 
the affinity of the ester molecule becomes sufficiently 
large to replace water on the active surface. (Within 
the active centre, we assume, a small number of 
water molecules required for hydrolytic reactions 
are being held tightly.) Accordingly, when the 
affinity of a given ester type is increased by 
lengthening the carbon chain of the alcoholic 
portion, the pS optimum shifts to higher values 
(Bergmann & Shimoni, 1953). It is of great interest 
that pseudocholinesterase cannot form an ES, 
compound with ACh, but does so with a sub- 
strate like ethyl fluoroacetate. This finding again 
stresses the importance of the second anionic 
site in the true enzyme, which provides the 
anchor to which the second molecule of ACh can 
be attached. 

(2) A further problem arises from consideration of 
the relative rates of hydrolysis within the homo- 
logous series of choline esters. With the pseudo 
enzyme, the rate increases with increasing length of 
the acyl side chain, the values reported being acetyl- 
choline : propionylcholine : butyrylcholine = 1:1-5:2 
(Augustinsson, 1949). On the other hand, for the 
true enzyme the relative rates are approximately 
1:0-9:0-01, the absolute values differing somewhat 
for different preparations (e.g. Aldridge, 1953c; 
Nachmansohn & Rothenberg, 1945). Butyryl- 


choline (BuCh) is, however, well adsorbed by the 
active surface of the true enzyme, as indicated by 
the concentration (2-5 x 10-*m) required to produce 
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50% inhibition of ACh hydrolysis (Bergmann & 
Shimoni, 1953). This shows that it is the step in- 
volving reaction of BuCh with water that does not 
proceed at a satisfactory rate. We may express this 
fact by saying that for true cholinesterase auto- 
inhibition of hydrolysis occurs with ACh, when two 
molecules combine with the active surface, whereas 
with BuCh one molecule produces the same effect. 
We shall therefore try to explain these two pheno- 
mena on a common basis. From a model of the 
active surface built from the four units mentioned 
above, it became apparent that the space available 
around the esteratic site is very restricted, being 
limited by the presence of the two anionic groups, so 
that the amount of water that can be adsorbed 
simultaneously with a substrate molecule may be- 
come the critical factor. Therefore, with a short acyl 
chain as in ACh, the second substrate molecule 
competes with the water necessary for reaction. 
With BuCh, the acyl chain of one ester mole- 
cule is already long enough to replace practi- 
cally all the water which can be adsorbed on 
the active surface and thus prevents its own 
hydrolysis. 

The curves for ACh in Figs. 2-4 show rather 
broad pH maxima. This is especially pronounced 
with eel esterase, in accordance with the observa- 
tions of earlier investigators (Hestrin, 1950; Wilson 
& Bergmann, 19506). In the pH range of 5—7 the 
curve for ACh deviates little from that for the 
halogenoacetates examined, but a pronounced 
difference appears on the alkaline side, where the 
decay of enzymic hydrolysis is delayed for ACh. 
This is another expression of the fact that the 
anionic sites play a major role in the combination 
enzyme—ACh. As has been calculated previously 
(Bergmann & Segal, 1954), the coulombic forces 
represent about 90% of the total binding force of 
ACh to true cholinesterase. Therefore the affinity of 
the cationic substrate for the anionic sites outweighs, 
to a certain extent, the decrease in affinity produced 
by inactivation of the electrophilic group in the 
esteratic site. In the acid pH range such an effect 
cannot be observed, owing to the phenomenon 
mentioned above, namely, the iminazole group, 
becoming inactivated by combination with H* 
ion, neutralizes the anionic sites. 

These assumptions are supported by the following 
observations: we have tried to construct the pH— 
activity curve of ACh in Figs. 2 and 4 by super- 
imposing the dissociation curve of the anionic sites 
as exemplified in Fig. 5, and the pH—activity curve 
of an uncharged ester, namely ethyl chloroacetate. 
Although the selection of just this substrate is 
arbitrary, similar if somewhat less satisfactory 
results are obtained with the other halogenoacetates. 
In Fig. 6 the superimposed curves are compared with 
the experimental data. 
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A surprising shift of the pH optimum has been 
observed for the system eel esterase—alkyl fluoro- 
acetate (see Fig. 4). Since the corresponding 
phenomenon is absent with the Torpedo enzyme 
(and all other esterases), this may indicate that 
near the active centre of the eel esterase a group is 
present with a high affinity for fluorine, probably by 
hydrogen bonding, which thus outweighs to a 
certain extent the decrease in affinity occurring in 
the alkaline pH range. 

As a final point, we should mention that in 
degradation studies of various hydrolytic enzymes, 
including cholinesterases, after their irreversible 
inhibition by ditsopropyl phosphorofluoridate 
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Fig. 6. Comparison of the experimental data for the pH- 
dependence of the system cholinesterase-ACh with 
theoretical values. The theoretical points represent the 
arithmetic mean of the values in Fig. 5 on one hand and 
the values for chloroacetate in Fig. 2 (serum cholinester- 
ase) or Fig. 4 (eel esterase) on the other. (a) Plasma 
cholinesterase. O, Experimental; @, calculated. (b) Eel 
esterase. O, Experimental; x, calculated. 
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(DFP), Schaffer, May & Summerson (1953, 1954) 
and Oosterbaan, Kunst & Cohen (1955) found the 
organic phosphate linked to a serine residue. It has 
been shown by Jandorf, Michel, Schaffer, Egan & 
Summerson (1955) and by Hobbiger (1955) that the 
inhibitory reactions with phosphates pass through 
two reaction steps, so that one may assume that the 
phosphate-serine linkage represents the final stage 
of the interaction between enzyme and inhibitor. 
It is difficult to see how the hydroxy] group of serine 
participates in ester hydrolysis, since a spon- 
taneously reversible acylation of the esteratic site 
is required (Bergmann, Wilson & Nachmansohn, 
1950). In addition, the dissociation constants of the 
esteratic site give no information about the possible 
participation of serine. Nevertheless, one has to 
admit that the active centre of an enzyme may 
comprise units which do not undergo any change 
within the pH range measurable for the enzymic 
reaction. Therefore the problem of a possible role of 
serine in enzymic ester fission remains unsolved at 
present. 


SUMMARY 


1. The change of hydrolytic rate with pH has 
been studied for different types of esterases and 
with a variety of uncharged (non-cationic) sub- 
strates. From these measurements, the dissociation 
constants of the nucleophilic (pK,) and the electro- 
philic (pK,,) group of the esteratic site have been 
calculated for each enzyme-substrate system. 

2. The esteratic sites of all esterases studied 
possess approximately the same dissociation con- 
stants. The chemical structure of the active surfaces 
of various esterases is thus closely related. 

3. The dissociation constants of the negative 
sites of true cholinesterase and pseudocholin- 
esterase have been derived from the pH -dependence 
of the inhibitory effect of tetraethylammonium ion. 
The curious values obtained, 6-2—-6-5, seem to 
indicate neutralization at acid pH of the anionic 
sites by the iminazolinium ion of the esteratic 


group. 
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4. Possible structures of the esteratic sites have 
been discussed, and explanations put forward for 
the inhibition by large substrate concentration of the 
hydrolysis of cationic and uncharged esters and for 
the different behaviour of true cholinesterase and 
pseudocholinesterase towards the homologous series 
of aliphatic choline esters. 
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The Effect of Monofluoroacetate on the Metabolism 
of Rhodospirillum rubrum 
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The Athiorhodaceae are photosynthetic bacteria 
which grow anaerobically on media containing any 
one of a number of organic compounds, plus carbon 
dioxide and a source of growth factors, provided 
that the cultures are illuminated. In contrast to the 
green plants, no oxygen is produced during photo- 
synthesis. A number of strains will grow in the dark 
provided that oxygen is present. 

The most generally accepted concept of the photo- 
metabolism of these organisms is that developed by 
van Niel (1941, 1944, 1949). He has proposed that, 
in the light, water is broken down to an oxidized 
and a reduced component. The oxidized component 
so produced acts as electron acceptor for the oxida- 
tion of part of the substrate, and the remainder of 
the substrate is converted into cell material. The 
reduced component is thought to act as electron 
donor in the reduction of carbon dioxide to cell 
material. This hypothesis is illustrated by the 
following equations, in which H,A is the substrate 
and (CH,O) is a convenient but not precise expres- 
sion of cell material: 


light 
4H,O —+ 4(H)+4(OH), (1) 
4(OH) + 2H,A > 4H,0 + 2A, (2) 
4(H) + CO, > (CH,O) + H,O. (3) 


In the Thiorhodaceae and Chlorobacteriaceae, H,S 
can act as electron donor and, according to condi- 
tions, either elementary sulphur or sulphate is 
produced. In these circumstances H,A acts solely 
as an electron donor. 

When organic substrates are used by the Athio- 
rhodaceae and the Thiorhodaceae, considerable 
amounts of the substrate are assimilated by the 
cells, as was first shown by Miiller (1933) and later 
by van Niel (1944). 

van Niel (1941) found that the rate of metabolism 
of acetate anaerobically in the light was the same as 
its rate of oxidation aerobically in the dark, and he 
concluded that acetate was oxidized by the same 
mechanism in both the light and the dark, and that 
the oxidation of electron donors during photo- 
synthesis was a ‘dark reaction’. Some evidence as 
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to the mechanism of acetate oxidation in the dark 
was also obtained. van Niel found that suspensions 
of Rhodospirillum rubrum deprived of endogenous 
reserves by prolonged shaking in the dark in the 
presence of air do not oxidize acetate in the absence 
of carbon dioxide. Introduction of carbon dioxide, 
or the addition of catalytic amounts of succinate, 
fumarate, malate or oxaloacetate (but not citrate, 
isocitrate, or «-oxoglutarate), stimulated the 
oxidation of acetate. These observations suggest 
that, at least in the dark, acetate is oxidized by a 
pathway involving the tricarboxylic acid cycle. 
Further evidence for the operation of such a 
mechanism was obtained by van Niel & Barker (see 
van Niel, 1949), who showed that labelled carbon 
dioxide is fixed into succinic acid under aerobic 
conditions in the dark, and that oxidation of 
labelled acetate in the presence of unlabelled 
succinate gives rise to labelled succinate. 

More recently, Vernon & Kamen (1953) have 
shown that succinic dehydrogenase, malic dehydro- 
genase and Ochoa’s ‘malic enzyme’ are present in 
‘sonic extracts’ of Rsp. rubrum, and Eisenberg 
(1953) has shown that all the enzymes of the tri- 
carboxylic acid cycle are present in dried-cell pre- 
parations of the organism. The results of Eisenberg 
(1953) have been in part confirmed by the work of 
Seardovi (1955), who found that dried preparations 
of Rsp. rubrum oxidized citrate, «-oxoglutarate, 
succinate, fumarate, malate and pyruvate aerobic- 
ally in the dark, but not acetate. The inability to 
oxidize acetate was explained by the absence of 
phosphotransacetylase in the preparation. Similar 
preparations of Rhodopseudomonas vannielii oxi- 
dized all of these compounds except fumarate and. 
acetate. In the presence of arsenite, citrate gave 
rise quantitatively to «-oxoglutarate. Malonate in 
the same preparations had the effect of reducing the 
oxygen uptake with «-oxoglutarate to that required 
for oxidative decarboxylation to succinate. 

Kamen, Ajl, Ransom & Siegel (1951) found that 
the carbon dioxide produced during the oxidation of 
labelled acetate by Rhodospirillum rubrum under 
aerobic conditions in the dark arises from the 
methyl and carboxyl groups to an equal extent. 
This is what would be expected if the tricarboxylic 
acid cycle were operating. In the light, no such 
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equivalence of the methyl and carboxy] groups of 
acetate was found. The small amount of carbon 
dioxide produced was derived solely from the 
carboxyl group, and the bulk of the acetate was 
assimilated. This also can be explained in terms of 
the tricarboxylic acid cycle as was shown by 
Elsden (1954). 

The metabolism of acetate by Rsp. rubrum in light 
was further studied by Glover, Kamen & van 
Genderen (1952), who used [methyl-C]acetate. The 
washed suspension of cells was allowed to reach a 
steady state, metabolizing non-isotopic acetate in 
the light, and then the labelled acetate was added 
and the reaction was stopped after a suitable period 
of time by rapidly transferring the suspension to 
boiling ethanol. Extracts were then examined 
chromatographically, on paper. 

Glover et al. found that, when the cells were 
exposed to the labelled substrate for short periods 
(24 sec.), there was labelling in succinic, malic and 
«-oxoglutaric acids, but no isotope was present in 
citrate or isocitrate. Longer exposures’ to the 
labelled acetate produced labelling in all the acids 
of the tricarboxylic acid cycle. These results 
suggest that the tricarboxylic acid cycle does not 
play a significant part in the light-metabolism of 
acetate by Rsp. rubrum. 

Monofluoroacetate was shown by Liébecq & 
Peters (1949) to inhibit the oxygen uptake of 
kidney homogenates with fumarate as substrate. 
Under these conditions citrate accumulated and 
flucroacetate was considered to inhibit the tri- 
carboxylic acid cycle in such a way as to cause 
accumulation of citrate. Subsequently it was found 
that the inhibitor was not fluoroacetate, but rather 
a compound produced from it. This compound has 
now been isolated (Peters, Wakelin & Buffa, 1953) 
and shown by Peters, Wakelin, Rivett & Thomas 
(1953) to be fluorocitrate. Fluoroacetate is there- 
fore a useful alternative to malonate in the study 
of the tricarboxylic acid cycle, and we decided to 
investigate its effect on the metabolism of Rsp. 
rubrum both in the light and dark to see whether we 
could obtain evidence for the participation of the 
tricarboxylic acid cycle in these reactions. 

The work described below has been published in 
part in an abridged form (Elsden & Ormerod, 1953; 
Elsden, 1954), 


MATERIALS AND METHODS 


Cultural procedure 


Organism. The organism used throughout the work was 
Rhodospirillum rubrum, strain 81, obtained from the 
collection of Dr C. B. van Niel, Hopkins Marine Station, 
Stanford University, Pacific Grove, California, U.S.A. 

Culture of organism. The organism was maintained as 
stab cultures in a medium containing either 0-5% (w/v) 
Oxoid yeast extract (Oxo Ltd., London, E.C. 4), or 0-3% 
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(w/v) Difco yeast extract (Difeo Laboratories Inc., Detroit, 
Michigan, U.S.A.), together with 1-5 % (w/v) Difco Bacterio- 
logical Agar. This medium was dispensed into test tubes and 
sterilized by autoclaving at 15 |b./in.? for 15 min. 

Inoculated tubes were incubated for 6-7 days in a 
cabinet illuminated by eight 60 w incandescent lamps. The 
cabinet was ventilated by an electric fan and the temper- 
ature was 25-30°. Stock cultures were kept at 4°, at which 
temperature they remained viable for at least 3 months. 

Inocula were grown in tubes containing 15 ml. of the 
following medium made up in tap water: yeast autolysate 
(Barker & Beck, 1942) 10% (v/v), or, alternatively, 0-5% 
(w/v) Oxoid yeast extract and 0-1% (w/v) sodium citrate 
dihydrate. The pH was adjusted to 7-0 with n-NaOH. 
Sodium citrate was added to prevent the formation of 
inorganic precipitates (Hutner, 1946). The medium was 
tubed and autoclaved at 15 Ib./in.? for 15 min. A tube of this 
medium was inoculated with a loopful of the stab culture and 
incubated in the light. When good growth had occurred 
(4-5 days), 1-2 ml. was transferred to a new tube of medium 
which was incubated in the light for 72 hr., when it was 
ready for use. Inoculation tubes were prepared daily, but 
to reduce the risk of contamination a return was made to 
stock agar stabs every 6-8 weeks. 

For use in experiments, the organisms were grown in the 
following liquid medium: 3-15 g. of pi-malic acid; 1-3 g. of 
sodium citrate dihydrate; 1-0 g. of (NH,),SO,; 0-2 g. of 
MgSO,,7H,0; 0-1 g. of CaCl, ; 0-25 g. of Difco yeast extract 
(or 0-5 g. of Oxoid yeast extract) in 11. of tap water. 
(Citrate was again included to prevent the formation of a 
precipitate on autoclaving.) The pH was adjusted to 7-0 
with 20% (w/v) NaOH, and n-NaOH, and 5 ml. of phos- 
phate buffer, pH 7-0, composed of K,HPO, (Hopkin and 
Williams Pure Grade) and KH,PO, (A.R.), was added. This 
medium was dispensed in 400 ml. amounts in 16 oz. screw- 
cap medical flats, and sterilized by autoclaving at 15 Ib./in.* 
for 25 min. 

Each bottle of medium was inoculated with 15 ml. of a 
72 hr. culture prepared as described above, and incubated in 
the light for 40-45 hr. The yield of cells from 400 ml. of 
medium was 300-400 mg. dry wt. As a precaution against 
contamination, wet mounts of these cultures were examined 
microscopically before harvesting. 

Cells grown in this manner were found to metabolize 
propionate and pt-lactate very slowly. Consequently for 
use in experiments with these substrates the organisms were 
grown either on a medium similar to the above but with the 
DL-malic acid replaced by 0-4% (w/v) sodium pti-lactate 
and 0-3% (w/v) NaHCO,, as carbon sources (the NaHCO, 
was sterilized by filtration through a Seitz filter and added 
separately after autoclaving), or on 5% (v/v) yeast auto- 
lysate. The last medium was not altogether satisfactory, as 
different batches of yeast autolysate differed somewhat in 
composition. 

Preparation of washed suspensions. Cells were harvested 
by centrifuging, washed twice with, and suspended in, 
0-01m potassium phosphate buffer, pH 7-0 (K,HPO, and 
KH,PO, mixture). Dry weight was determined by measur- 
ing optical density in the Hilger Spekker absorptiometer 
(Hilger and Watts, Ltd., London, N.W. 1), with a neutral- 
grey filter, Ilford No. H508 (Ilford, Ltd., London) and 
referring to a standard graph relating optical density to dry 
wt. For the photosynthesis experiments the master sus- 
pension was adjusted to 5mg. dry wt./ml. in 0-025m- 
NaHC0O,, save in those cases where the bound CO, was to be 
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estimated, when the concentration of NaHCO, was 0-005M. 
The cells were suspended in 0-01m potassium phosphate 
buffer, pH 7-0, for the respiration experiments. 


Substrates 


All organic acids were used as solutions of their sodium 
salts. Crystalline sodium pyruvate was prepared from 
crystalline pyruvic acid by the method of Robertson (1942). 
Oxaloacetic acid was the gift of Professor H. A. Krebs, and 
a solution of the sodium salt was prepared immediately 
before use by dissolving a weighed amount of the free acid 
ina small volume of water, adjusting to pH 7 with n-NaOH, 
and making up to volume. The oxaloacetate content of the 
solution was measured by the aniline citrate method as 
described below. Sodium fluoroacetate was the gift of 
Dr B. C. Saunders, University Chemical Laboratory, 
Cambridge. The succinic acid and pt-lactic acid used were 
A.R. grade. Propionic and butyric acids were purified by 
distillation, b.p.’s 141° and 164°, respectively. Sodium acetate 
solutions were prepared from A.R. CH,;.CO,Na,3H,0. 
The fumaric acid used was a commercial product obtained 
from Light and Co., Colnbrook, Bucks., and the pi-malic 
acid was a product of B.D.H. Ltd., Poole, Dorset. 


Analytical methods 


Pyruvic acid. This was estimated by the method of 
Westerkamp (1933). The carboxylase preparation used was 
stored at — 20°, and under these conditions it retained its 
activity for at least three months. 

Lactic acid. This was estimated by the method of Elsden & 
Gibson (1954). 

Volatile fatty acids. Acetic, propionic and butyric acids 
were estimated by steam distillation of the acidified 
solutions in the apparatus of Markham (1942) and titration 
of the distillate with CO,-free 0-01N-NaOH in a stream of 
CO,-free air with phenol red as indicator. The volume of 
solution distilled was generally 2-4 ml., and this was acidi- 
fied in the apparatus by the addition of 1 ml. of 1ON-H,SO,. 
The volume of distillate collected was 80 ml., in two portions 
of 40 ml. Fluoroacetate also distils under these conditions, 
43 %, coming over in the first 40 ml. and a further 21 % in the 
second 40 ml. 

Succinate. This was estimated by the method of Krebs 
(1937). 

Malate and fumarate. These compounds were estimated by 
the method of Nossal (1952) with suspensions of Lacto- 
bacillus arabinosus, strain 17-5. L-Malate is quantitatively 
decarboxylated by this organism, and this stereochemical 
specificity was of great use to us because, although we were 
using DL-malate as substrate, only the L-isomer was meta- 
bolized. To determine fumarate, a preparation of fumarase 
made by Nossal’s procedure from baker’s yeast was added. 
Stock solutions of fumarate were assayed manometrically by 
catalytic hydrogenation with colloidal palladium (Harrison 
1939). The catalyst was placed in the main compartment and 
the fumarate solution in the side bulb; this ensured the 
rapid saturation of the catalyst with H,. 

Oxaloacetic acid. This was estimated by the aniline citrate 
method of Greville (1939). The experiments with oxalo- 
acetate as substrate were carried out in double-side-bulb 
cups and the reaction was stopped and the bicarbonate 
concentration measured by tipping in 0-2 ml. of 2N-HCl 
from the side bulb, at the required time. The manometers 
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were then removed from the bath, and the cups were placed 
in ice to minimize the spontaneous decomposition of the 
residual oxaloacetic acid. Citric acid [0-5 ml. of 50% (w/v) 
solution] was added to the acidified suspension in the main 
compartment and 0-5 ml. of aniline citrate was placed in the 
side bulb which had contained the 2nN-HCl. The stoppers 
were replaced and the manometers allowed to equilibrate in 
the bath at 30°. The aniline citrate was then tipped into the 
suspension and the volume of CO, evolved was determined. 
In addition, a control cup was run without cells present, to 
determine the rate of the spontaneous decomposition of 
oxaloacetate under the conditions of the experiment. 

Citric acid. The method of Weil-Malherbe & Bone 
(1949) as modified by Taylor (1953) was used. The optical 
density was measured with micro cells (capacity 0-5 ml.) in 
the Hilger Spekker absorptiometer, with Ilford spectrum- 
violet filters no. 601 (peak transmission 430 my.) and heat 
filters no. H503. Two standards of 0-31 and 0-75 umole of 
citric acid respectively were run with each set of ‘unknowns’. 
The volume of sulphide solution used for the extraction was 
2-0 ml., and under these conditions the range covered by the 
method was 0-05-0-83 pmole. For larger amounts of citric 
acid the sulphide extract was diluted with the appropriate 
volume of 2% (w/v) Na.S,9H,0 solution. Some difficulty 
was experienced with amounts of citric acid less than 
0-1 umole, since the colour tended to fade if the sodium 
sulphide extract was left for any length of time, especially in 
sunlight (cf. Weil-Malherbe & Bone, 1949). This was over- 
come by doing only two sulphide extractions at a time, thus 
minimizing the delay between extraction and the colori- 
metric measurement. With this precaution the method was 
satisfactory. 


Experimental procedure 


Gaseous exchange was measured with Warburg mano- 
meters and cups of capacity 20-25 ml. fitted with centre 
wells. Substrates were added from the side bulb and, when 
bicarbonate was to be estimated, cups with two side bulbs 
were used, one of which contained 0-2 ml. of either 2N-H,SO, 
or 2n-HCl. The volume of bacterial suspension plus sub- 
strate was 3-0 ml. and the temperature 30°. Where large 
amounts of material were required for analysis the experi- 
ments were carried out in vessels made from 100 ml. 
Pyrex conical flasks as follows: The neck of the flask was a 
B14 socket into which fitted a B14 cone fused on to a stop- 
cock. The flask had a centre well, approximately 5 em. high, 
and a side bulb of about 2 ml. capacity fitted with a B10 
socket and stopper. This arrangement facilitated the 
addition of substrate at the desired moment, and made it 
possible to fill the vessels with the appropriate gas mixture. 
The vessels were attached to the shaking mechanism of the 
Warburg bath. When necessary, gaseous exchange was 
followed in parallel experiments in manometers. 

Photosynthesis experiments. The Warburg bath used was 
similar to that described by Larsen (1953). Each side of the 
bath was illuminated by a bank of seven 100 wincandescent 
lamps, providing light of an intensity of 500 ft.c. 

An electric blower of the centrifugal type was attached at 
the end of each row of lamps to keep them cool. A sheet of 
glass (} in. thick) was inserted between the lamps and the 
glass panels of the bath, leaving an air space of 1 cm. 
Between the metal sides of the bath and the lamps a sheet of 
asbestos board (} in. thick) was fixed, leaving an air space of 
2 cm. These precautions ensured that the heat generated by 
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the lamps did not appreciably affect the temperature of the 
bath. 

Buffering system used in photosynthesis experiments. The 
system used was NaHCO,-CO,, and the manometers were 
gassed with N, + CO, (95:5, v/v). The fact that the organisms 
were grown in a medium containing (NH,),SO, as the 
nitrogen source and that the gas phase of the manometers 
contained N, ensured that no photoproduction of H, 
occurred (Gest & Kamen, 1949). The final NaHCO, concen- 
tration in 3 ml. was 0-0166M except when bound CO, was to 
be estimated, when it was 0-0033M. Rates of photosynthesis 
are expressed as Qoo, (light) = pl. of CO, at s.t.p./mg. dry 
wt./hr. 

The pressure changes observed when the sodium salt of 
an organic acid is photometabolized by Rsp. rubrum is the 
result of three processes: (a) the binding of CO, by the buffer 
due to removal of anions; (5) the fixation of CO, by the cells; 
(c) the production of CO, by oxidation of the substrate. The 
amount of CO, bound by the buffer is obtained by measuring 
the initial and final bicarbonate content of the system. The 
actual amounts of CO, involved in each of the other two 
processes cannot be determined by manometric methods 
alone, but it is possible to calculate the net CO, uptake or 
output if the total CO, exchange (calculated from the 
observed pressure changes) and the increase in bicarbonate 
are known. The net CO, is either positive or negative, 
according to the nature of the substrate. Thus with sub- 
strates more oxidized than cell material, more CO, is 
produced from the substrate than is fixed by the cell, and the 
net figure is positive; with substrates such as pyruvate and 
oxaloacetate, the net CO, is positive and is of about the 
same magnitude as the amount of CO, bound by the buffer; 
thus with these two substrates the observed pressure 
changes are very small and cannot be used as an index of the 
rate of metabolism. Acetate is slightly more oxidized than 
cell substance and the net figure is positive but far smaller 
than the amount of CO, bound by the buffer; consequently, 
the observed pressure change is negative. Propionate and 
butyrate are more reduced than cell substance; the net 
figure is negative and the pressure change observed is also 
negative. 

Effect of yellow P as an O, absorbent. Whilst van Niel 
(1941) had shown that illumination of suspensions of Rsp. 
rubrum completely suppressed O, uptake, some trials were 
carried out to ensure that under the conditions of our 
experiments the traces of O, found in commercial gas 
mixtures had no effect on the light-metabolism of this 
organism. In the course of these experiments it was found 
that the photometabolism of acetate was markedly in- 
hibited when freshly scraped sticks of yellow P were used as 
an O, absorbent (Fig. 1). On the other hand, yellow P had no 
apparent effect on the photometabolism of either butyrate 
or succinate. We have no explanation to offer for these 
results, but they indicate that caution is necessary in the use 
of yellow P as an O, absorbent. It was also found that the 
rate of photosynthesis was the same whether the gas 
mixture was used direct or whether it was freed from O, by 
passage over heated copper turnings. 

Aerobic experiments. Oxygen consumption was measured 
in Warburg manometers in the photosynthesis bath which, 
fur this purpose, was covered with a black cloth supported on 
a frame of aluminium strip to exclude the light; in addition, 
the glass panels were covered in by strips of hard board. The 
gas phase was air and the centre wells of the manometers 
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Fig. 1. Effect of yellow phosphorus on photometabolism of 
acetate. Manometer cups contained, in the main com- 
partment, 2-0 ml. of washed suspension (5 mg. dry wt. of 
cells/ml.) in 0-025m-NaHCO,, and water to make 2-8 ml. 
A freshly scraped stick of yellow phosphorus was placed 
inthecentre well in B. Acetate (0-2 ml., 0-10M) was added 
from the side bulb and the lights were switched on. Gas 
phase, N, + CO, (95:5, v/v). Temp., 30°. A, 20 umoles of 
acetate; B, acetate + yellow phosphorus. 


contained 0-2 ml. of 20% (w/v) KOH, and a folded strip of 
filter paper, to absorb CO,. The substrate solution (0-2 ml.) 
was added from the side bulb and the total volume in which 
the cells were suspended after addition of substrate was 
3-0 ml. The concentration of phosphate buffer in the cups 
was 0-066m. The rate of O, uptake is expressed as Qo, 
(dark) = pl. of O, at s.t.p./mg. dry wt./hr. 


RESULTS 


Conditions for maximum inhibition by fluoro- 
acetate. Kalnitsky & Barron (1947) showed that 
inhibition of acetate oxidation in yeast by fluoro- 
acetate developed only slowly, and that in order to 
obtain maximum inhibition it was necessary to 
incubate the suspension with the inhibitor before 
the addition of substrate. A similar effect was 
observed in our system, as can be seen from Fig. 2. 

The effect of two different concentrations of 
fluoroacetate is shown in Fig. 3. It was decided to 
use a concentration of 8-3 x 10-4m fluoroacetate 
throughout the work, and to add the inhibitor to the 
cells about 30 min. before the addition of substrate. 
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Effect of fluoroacetate on the Qco, (light). Table 1 
gives the results obtained with a range of substrates 
under standard conditions. It will be seen that a 
strong inhibition occurs only with acetate and 
butyrate. 

Photometabolism of pyruvate and oxaloacetate. 
There was only a small pressure change when these 
substrates were metabolized. These compounds are 
much more oxidized than cell material, and in 
consequence the amount of CO, evolved as a result 
of oxidation is approximately equal to the sum of 
CO, fixed by photosynthesis and that bound by the 
buffer due to the removal of anions. It was there- 
fore necessary to follow the metabolism of these 
compounds either by determining the increase in 
HCO, ions or by measuring directly the amount of 
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Fig. 2. Effect of pre-incubation of cells with fluoroacetate 
on photometabolism of acetate. Experiment carried out 
in the light in double-side-bulb manometer cups con- 
taining 0-2 ml. of 0-05 acetate in oneside bulband 0-1 ml. 
of 0-025 fluoroacetate in the other, except in the control 
cup. The main compartment contained 2-0 ml. of washed 
suspension containing 5 mg. dry wt. of cells/ml. in 0-025 m- 
NaHCO, and water to make the total volume 3-0 ml. 
A, Acetate alone; B, acetate and fluoroacetate added 
together; C, acetate added 10 min. after fluoroacetate; 
D, acetate added 30 min. after fluoroacetate. 
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Fig. 3. Effect of concentration of fluoroacetate on photo- 
metabolism of acetate. Manometer cups contained, in the 
main compartment, 2-0 ml. of washed suspension (5 mg. 
dry wt./ml.) in 0-025mM-NaHCO,, with or without fluoro- 
acetate in the concentrations indicated. Water was added 
to make 2-8 ml. and 0-2 ml. of 0-05 acetate was added 
from the side bulb, and the lights were switched on. Gas 
phase, N,+CO, (95:5, v/v). Temp., 30°. A, Acetate 
alone; B, acetate plus 8-3x10-°m fluoroacetate; C, 
acetate plus 8-3 x 10-4m fluoroacetate. 


Table 1. Effect of fluoroacetate on the Qo, (light) 


Manometer cups contained, in the main compartment, 
2-0 ml. of washed suspension of bacteria (5 mg. dry wt./ 
ml.) in 0-025M-NaHCO,, with or without 0-1 ml. of 0-025 m- 
fluoroacetate, and distilled water to 2-8 ml. Substrate 
solution (0-2 ml.) (0-05m, except pL-malate and acetate, 
which were 0-1m), or water, was added from the side bulb 
at zero time and the lights were switched on. Gas phase, 
N,+CO, (95:5, v/v). Temp., 30°. Figures in parentheses 
refer to the number of experiments performed. Qoo, values 
were calculated from the linear parts of the progress 
curves. 

Qco, With 


Substrate Qoo. fluoroacetate 
None (7) 0-9+0-1 0-5+0-1 
Acetate (10) 18-7+5-1 2-7 +0-1 
Propionate (5) 13-1+3-4 10-0+3-2 
Butyrate (8) 9-74+3:1 3-1+1-é 
Succinate (10) 13-3+3-0 10-3+2-7 
Fumarate (10) 9-0+1-8 6641-8 
pL-Malate (10) 8-9+1-5 59+1-1 
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substrate disappearing. Fig. 4 shows the effect of 
fluoroacetate on the photometabolism of pyruvate 
and oxaloacetate. It will be seen that fluoroacetate 
inhibits the utilization of both compounds. 

Effect of fluoroacetate on the H,-CO, reaction. Resp. 
rubrum can reduce CO, in the light with molecular 
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Fig. 4. Effect of fluoroacetate on photometabolism of 
pyruvate and oxaloacetate. Experiment carried out in 
double-side-bulb manometer cups containing, in the main 
compartment, 2-0 ml. of washed suspension (5 mg. dry 
wt. of cells/ml.) in 0-005mM-NaHCO, with or without 
0-1 ml. of 0-025 fluoroacetate, and water to 2-8 ml. 
Substrate solution (0-2 ml. 0-05) was placed in one side 
bulb and 0-2 ml. of 2n-H,SO, in the other. Gas phase, 
N, + CO, (95:5, v/v). Temp., 30°. Substrate was added at 
zero time and light switched on. Acid was added at 
appropriate times and residual substrate estimated. 
A, Pyruvate alone; B, pyruvate plus fluoroacetate; 
C, oxaloacetate alone; D, oxaloacetate plus fluoroacetate. 
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H, as electron donor. The ratio of H, to CO, was 
found by van Niel (1941) to be approximately 2:1. 
It was impossible with the equipment available to 
measure H, and CO, separately, so in these experi- 
ments Warburg cups of approximately the same 
size (25 ml.) were used and the results expressed as 
mm. of manometric fluid. The effect of fluoro- 
acetate on the pressure changes occurring during 
this reaction is shown in Fig. 5; the inhibition was 
more variable than that observed with other sub- 
strates. 
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Fig. 5. Effect of fluoroacetate on photoreduction of CO, by 
hydrogen. Manometer cups had 2-0 ml. of washed sus- 
pension containing 5 mg. dry wt. of cells/ml. in 0-025M- 
NaHCO, with (A) or without (B) 0-1 ml. of 0-025m 
fluoroacetate and with water to make 3-0 ml. Gas phase, 
H, + CO, (95:5, v/v). Temp., 30°. Volume of manometers, 
25 ml. 





Table 2. Effect of fluoroacetate on the Qo, (dark) 


Manometer cups contained, in the main compartment, 2-0 ml. of washed suspension having 5 mg. dry wt. of cells/ml. in 
0-01m phosphate buffer, pH 7-0, with or without 0-1 ml. of 0-025m fluoroacetate, and with distilled water to make 2-8 ml. 
Substrate solution (0-2 ml.) (005M, except DL-malate and acetate, which were 0-1M), or water, was added from the side 
bulb at zero time. 0-2 ml. of 20% (w/v) KOH and a filter-paper absorber were placed in the centre well; gas phase, air; 
temp., 30°. Qo, values were calculated from the linear parts of the progress curves. 


Qo, endogenous 


Qo, endogenous 


Qo, + substrate Qo, + substrate 


Substrate (no fluoroacetate) (+fluoroacetate) (no fluoroacetate) (+ fluoroacetate) 
Acetate 4-8 1-6 11-2 1-6 
Propionate 4-8 1-6 10-9 1-6 
Butyrate 4-2 1-7 16-6 3-4 
Pyruvate 4-8 1-5 17-8 3-0 
Succinate 4-8 1-6 14-0 2-9 
Fumarate 4-8 1-6 13-0 2-3 
DL-Malate 3-4 1-7 15-0 3-4 
Oxaloacetate 4:8 1-4 8-6 2-0 
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Effect of fluoroacetate on the Qo, (dark). Table 2 
shows results of experiments in the dark, obtained 
with the same substrates as were used in the experi- 
ments in the light. The oxidation of all substrates 
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Fig. 6. Endogenous formation of citrate in the presence 
of fluoroacetate in the light. Experiment carried out in 
five 100 ml. flasks containing 10 ml. of washed suspension 
(50 mg. dry wt. of cells) in 0-025m-NaHCO,, and 0-125 ml. 
of 0-10M fluoroacetate. Water was added to make 15 ml. 
and incubated in the light at temp. 30° under a gas phase 
of N, + CO, (95:5, v/v). Reaction was stopped in different 
flasks at appropriate time by adding 1 ml. of 2N-H,SO,. 
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is strongly inhibited by fluoroacetate. This is in 
marked contrast to the results of experiments in the 
light. 

Accumulation of citrate in the presence of fluoro- 
acetate. Addition of fluoroacetate to suspensions of 
Rsp. rubrum incubated in the light under N, + CO, 
(95:5, v/v) but in the absence of substrate showed 
that a material accumulated which reacted as 
citrate in the test used. Fig. 6 shows the course 
of citrate accumulation under these conditions. 
Table 3 shows the amount of citrate which accumu- 
lates when suspensions of the organism are incu- 
bated in the light with various substrates in the 
presence and absence of fluoroacetate. Substrates, 
the photometabolism of which is but slightly 
affected by fluoroacetate, gave rise to negligible 
amounts of citrate. Of the substrates whose meta- 
bolism is strongly inhibited by fluoroacetate, 
acetate, pyruvate and oxaloacetate gave rise to 
citrate, whereas butyrate gave no increase over and 
above that found in the control. The results of 
experiments on the accumulation of citrate during 
the dark oxidation of substrates (Table 4) present 
a very different picture. The disappearance of all 
substrates was inhibited by fluoroacetate; and, 
whereas acetate, butyrate, propionate and pyruvate 
gave little or no citrate, the C, dicarboxylic acids 
and lactate caused a significant accumulation. 

Effect of CO, on citrate formation. It seemed 
possible that the small amount of citrate formed 
from pyruvate in the aerobic experiments was due 
to the low tension of CO, in the experimental 
vessels. The effect of introducing CO, with pyruvate 
as substrate can be seen in Table 5. Although CO, 
increased the amount of citrate formed by the cells 





Table 3. Accumulation of citrate in the presence of fluoroacetate anaerobically in the light 


All experiments were performed in large (100 ml.) flasks containing 10-0 ml. of washed suspension of organisms (5 mg. 
dry wt./ml.) in 0-025mM-NaHCO,, with or without 0-125 ml. of 0-10 fluoroacetate, and with distilled water to make 
14-0 ml. Substrate solution (1-0 ml.) (0-05, except for DL-malate and acetate, which were 0-1 M), or water, was added from 
the side bulb at zero time and the lights were switched on. Gas phase, N, +CO, (95:5, v/v). In the experiment with 
H, + CO, (95:5, v/v) the control vessels were gassed with N, + CO, (95:5, v/v); temp., 30°. 





Citrate (moles) 
r A . Substrate used (~moles) 
With ————" 
Endogenous substrate No With 
+ fluoro- With + fluoro- fluoro- fluoro- Duration 
Substrate Endogenous acetate substrate acetate acetate acetate (min.) 

Acetate 0-22 0-90 0-22 2-16 91 22 195 
Propionate 0-13 1-34 0-20 1-51 45 33 134 
Butyrate 0-13 1-46 0-17 1-53 17 + 130 
Pyruvate 0-28 1-44 0-45 3-70 43 13 120 
Succinate 0-06 0-67 0-30 0-86 46 43 160 
Fumarate 0-16 1-74 0-15 1-89 29 21 194 
DL-Malate 0-18 1-91 0-18 2-02 45* 44* 145 
Oxaloacetate 0-30 1-03 0-78 4-22 39 26 180 
H, +CO, (95:5, v/v) 0-14 0-37 0-14 0:37 272 mm.f 78 mm.t 100 


* These figures refer to the amount of L-malate used. 
+ These figures refer to pressure changes occurring in parallel manometers run at the same time; volume of flasks, 25 ml. 


(manometric (manometric 


fluid) fluid) 
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Table 4. Accumulation of citrate in the presence of fluoroacetate aerobically in the dark 
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All experiments were carried out in 100 ml. flasks with 10-0 ml. of washed suspension containing 5 mg. dry wt. cells/ml. 
in 0-01m phosphate buffer, pH 7-0, with or without 0-12 ml. of 0-1m fluoroacetate, and made up to 14 ml. with distilled 
water. Substrate solution (1-0 ml.) (0-05, except DL-malate and acetate, which were 0-1M), or water, was added from the 
side bulb at zero time. The centre wells contained 0-5 ml. of 20% (w/v) KOH and a folded strip of filter paper. Gas 


hase, air; temp., 30°. m 
P I Citrate (moles) 





tS ~\ Substrate used (moles) 
With ————" 
Endogenous substrate No With 
+ fluoro- With + fluoro- fluoro- fluoro- Duration 
Substrate Endogenous __ acetate substrate acetate acetate acetate (min.) 
Acetate 0-15 1-60 0-16 1-61 52 13 120 
Propionate 0-15 1-63 0-20 1-91 50 19 135 
Butyrate 0-13 1-66 0-13 1-78 37 2 120 
Pyruvate 0-36 1-12 0-73 1-48 22 10 160 
Succinate 0-07 2-80 0-07 4-90 48 20 250 
Fumarate 0-16 1-82 0-13 2-99 49 9 120 
DL-Malate 0-03 1-83 0-10 3°72 35* 23* 120 
Oxaloacetate 0-32 2-30 0-77 4-45 21 5 100 


* These figures refer to the amount of L-malate used. 


Table 5. Effect of CO, on formation of citrate from 
pyruvate and acetate in the presence of fluorodcetate 
aerobically in the dark 


Vessels (100 ml.) contained in a total reaction volume of 
9-0 ml. (Expt. 1) or 12-0 ml. (Expt. 2) these final concentra- 
tions: 3-33 mg. dry wt. of washed cells of the organism/ml. ; 
0-0067 m phosphate buffer, pH 7-0; 0-00083 m fluoroacetate ; 
and in the high-CO,-tension vessels only, 0-0167 M-NaHCO,. 
Where indicated, 0-6ml. of 0-05m sodium pyruvate 
(Expt. 1) or 1-0 ml. of 0-1m sodium acetate (Expt. 2) was 
initially present in the side bulb. In addition, in vessels 
with low-CO,-tension the centre well contained 0-5 ml. of 
20% (w/v) KOH and a folded strip of filter paper. In the 
high-CO,-tension vessels of Expt. 2, the gas phase was 
O, + CO, (93:7, v/v); in others the gas phase was air. Dura- 
tion of experiments, 90 min. (Expt. 1) or 73 min. (Expt. 2). 


Citrate formed (umoles) 








Endogenous With substrate 
Substrate ‘Low CO, High CO, Low CO, High CO, 
Expt. 1. 
Pyruvate 1-57 2-52 2-12 2-59 
Expt. 2. 
Acetate 0-71 4-15 0-82 4-49 


alone, addition of pyruvate caused practically no 
increase over and above that formed endogenously. 
A similar result was obtained with acetate as 
substrate. 

Catalysis of acetate photometabolism. From these 
results it would appear that the tricarboxylic acid 
cycle, or part of it, is involved in both the light- and 
the dark-metabolism of acetate. van Niel’s (1949) 
experiment, in which it was found that the dark- 
oxidation of acetate was stimulated either by CO, or 
by small amounts of succinate, fumarate, malate or 
oxaloacetate, had already given a strong indication 





that the tricarboxylic acid cycle might be operating 
under these conditions. If the mechanism of acetate 
oxidation is the same in the light as in the dark, then 
under suitable conditions these compounds should 
also stimulate the light-metabolism of acetate. 
A washed suspension, from a culture of Rsp. 
rubrum grown in 5% (v/v) yeast autolysate, was 
left overnight in the dark in the refrigerator. Next 
day the cells were centrifuged, washed in phosphate 
buffer and suspended in dilute NaHCO,. Mano- 
meters were set up containing the suspension, and in 
the side bulb was the substrate, acetate, with or 
without 1 pmole of succinate, fumarate or L-malate. 
The gas phase was N,+CO, (95:5, v/v) and the 
reaction was carried out in the light. The result is 
shown in Fig. 7. 

It will be seen that the rate of the photometa- 
bolism of acetate alone is low, and that it is in- 
creased by the addition of succinate, fumarate or 
malate. 

Effect of CO, on succinate metabolism. The effect of 
fluoroacetate on the H,—CO, reaction is difficult to 
explain in terms of an inhibition of the tricarboxylic 
acid cycle, for it seems unlikely that the cycle is 
involved in the oxidation of molecular H,. Almost 
complete inhibition of CO, fixation by fluoroacetate 
has been observed with the green sulphur bacterium 
Chlorobium thiosulphatophilum with thiosulphate as 
electron donor (unpublished results of Larsen & 
Ormerod, 1954), and an alternative site for inhibi- 
tion might be the CO,-fixation mechanism. How- 
ever, the inhibitor has no observable effect on the 
amount of CO, fixed when propionate is the electron 
donor in Rsp. rubrum. With substrates such as 
succinate, it is impossible at present to say whether 
or not any CO, is fixed during the reaction, since 
there is a net output of CO,. Table 6 shows that, in 
the absence of CO,, the rate of succinate metabolism 
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Fig. 7. Stimulatory action of C, dicarboxylic acids on 
photometabolism of acetate. Experiment carried out in 
the light in manometer cups containing, in the main 
compartment, 2 ml. of washed suspension (10 mg. dry 
wt. of cells) in 0-025m-NaHCO, and water to make a final 
volume of 3-0 ml. Where indicated below, 0-2 ml. of 
0-1M acetate and/or 0-1 ml. of 0-01 succinate, fumarate 
or 0-1 ml. of 0-02 M-pL-malate was placed in the side bulb. 
Gas phase, N, + CO, (95:5, v/v). Temp., 30°. A, 20 umoles 
of acetate + 1 umole of succinate; B, 20 umoles of acetate 
+1 mole of fumarate; C, 20 wmoles of acetate + 1 umole 
of malate; D, 20umoles of acetate; Z, 1mole of nL- 
malate; F, 1 wmole of succinate + 1 ymole of fumarate. 


Table 6. Effect of CO, on the photometabolism 
of succinate 


Experiment carried out in vessels of 100 ml. capacity 
containing 10-0 ml. of washed suspension of organisms 
(5 mg. dry wt./ml.) in 0-0lm phosphate buffer, pH 7-0. 
Sodium succinate (1-0 ml., 0-05m) was placed in the side 
bulb. The vessel with the low tension of CO, contained, in 
the centre well, 0-5 ml. of 20% (w/v) KOH and a filter- 
paper absorber, and was evacuated and filled with N, 
(O,-free) three times, and finally filled with O,-free N,. The 
vessel with a high tension of CO, contained NaHCO, in a 
final concentration of 0-0166m and was gassed with 
N, + CO, (95:5, v/v). Total volume of liquid/vessel excluding 
KOH, 15-0 ml. Substrate was added at zero time, and the 
light was switched on. Temp., 30°; time, 140 min. 


No CO, With CO, 
Succinate used (moles) 11-1 33-2 
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in the light is about one-third of that in the presence 
of CO,; this suggests that CO,, and hence CO, 
fixation, play an essential part in the light-meta- 
bolism of succinate. 


DISCUSSION 


As far as is known fluoroacetate as such does not 
inhibit enzyme reactions. The inhibition of respira- 
tion in animal tissues and the accumulation of 
citrate are thought to be due to an inhibition of 
aconitase by fluorocitrate, which is produced from 
fluoroacetate, presumably in the form of fluoro- 
acetyl coenzyme A and oxaloacetate (Peters, 
Wakelin, Rivett & Thomas, 1953). It would then 
seem likely that the inhibition of a metabolic 
process accompanied by the accumulation of 
citrate can be taken as evidence for the participation 
of part at least of the tricarboxylic acid cycle in that 
process. Fluoroacetate is believed to behave, meta- 
bolically, like acetate, and if this supposition is 
correct other fluorinated metabolites will be formed 
from fluoroacetate. So far only fluorocitrate has 
been described, and the discovery of this compound 
was facilitated by its inhibitory action on aconitase. 
It appears to us quite possible that other fluorinated 
metabolites formed from fluoroacetate will be 
specific inhibitors of particular metabolic processes 
and, in view of this, inhibition of a complex series of 
metabolic reactions by fluoroacetate must be inter- 
preted with caution, particularly if the inhibition is 
not accompanied by an accumulation of citrate. 
When the effect of fluoroacetate on the metabolism 
of Rsp. rubrum in the light was examined it was 
found that the results obtained varied according to 
the substrate being tested. The substrates can be 
divided into three groups: (a) those whose meta- 
bolism is inhibited only slightly and from which 
little orno citrate is formed, e.g. succinate, fumarate, 
DL-malate and propionate; (b) those whose meta- 
bolism is inhibited without the accumulation of 
citrate over and above that formed in the absence of 
substrate (included in this group are n-butyrate, 
and hydrogen plus carbon dioxide) ; (c) those whose 
metabolism is inhibited and from which a citrate- 
like compound is produced (these include acetate, 
pyruvate and oxaloacetate). In every experiment 
fluoroacetate caused an increase in the amount of 
citrate produced by cells alone. The evidence that 
the material accumulating in the presence of fluoro- 
acetate is citrate is as follows: The material reacts 
as citrate in the Weil-Malherbe & Bone (1949) 
colorimetric method for citrate estimation; it 
cannot be separated from citrate by paper-partition 
chromatography (Buch, Montgomery & Porter, 
1952) with the n-pentanol-formic acid—water 
solvent of these authors; it runs as citrate on the 
Celite column of Swim & Krampitz (1954), and the 
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amount present in the citrate fraction estimated by 
titration agrees with the value obtained by the 
colorimetric method. 

The results of the experiments on the effect of 
fluoroacetate on the dark-oxidation of substrates 
were in marked contrast to those described above. 
In each case substrate oxidation was inhibited, and 
with all substrates except acetate and butyrate an 
accumulation of citrate resulted. 

From the aerobic experiments in the dark, it 
seems reasonable to conclude that the tricarboxylic 
acid cycle is playing an important part in terminal 
respiration in Rsp. rubrum. That no citrate over and 
above that found in the control is produced from 
acetate and butyrate is probably due to the limited 
amount of C, dicarboxylic acids present in the cell 
suspension, assuming, of course, that, aerobically in 
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beyond the stage of acetyl-coenzyme A is an 
essential part of their photometabolism. 

On the other hand, the photometabolism of 
succinate, fumarate, malate and propionate is 
scarcely affected by fluoroacetate, and the amounts 
of citrate formed are small. We conclude from these 
results that the tricarboxylic acid cycle does not 
play a vital part in the photometabolism of succi- 
nate, fumarate, malate and propionate. The most 
reasonable explanation would appear to be that in 
the photometabolism of these compounds, the 
amount of hydrogen made available in the process of 
converting them into a compound which can be 
assimilated is also adequate for the reduction of the 
oxidized component of the light reaction. Thus 
the photometabolism of succinate can be envisaged 
as shown in the diagram below: 

CO, 


2H H,O 2H 
Succinate —-t——-> fumarate ———> malate ——2—> oxaloacetate —j~7> 


ATP 


phosphoenolpyruvate ———> triose phosphate ———- cell material. 
2H 


the dark, C, dicarboxylic acids are produced only 
slowly, if at all, from these substrates. Under these 
conditions the C, dicarboxylic acids present in the 
cells become immobilized as citrate, with consequent 
inhibition of respiration. These conclusions are in 
keeping with those reached by van Niel (1949) and 
Eisenberg (1953). 

The amount of citrate formed from propionate 
and pyruvate under these conditions was less than 
the amount formed from any of the C, dicarboxylic 
acids. Further experiments showed that this effect 
was not due to the low tension of carbon dioxide in 
the experimental vessels. On the other hand, it was 
observed that carbon dioxide increased the amount 
of endogenous citrate formed by cell suspensions 
treated with fluoroacetate aerobically in the dark. 

The results of the experiments in the light require 
more detailed consideration. According to the 
hypothesis of van Niel (1941) radiant energy is used 
to split water molecules into an oxidized and a 
reduced component. The oxidized component is 
reduced back to water by the substrate in the 
presence of the appropriate enzymes, and the 
reduced component is used for the reduction of 
carbon dioxide or a product or products derived 
from carbon dioxide. A very large portion of the 
substrate is assimilated by the cell, and the experi- 
ments of Cutinelli, Ehrensvird, Reid, Saluste & 
Stjernholm (1951) with acetate make it seem un- 
likely that assimilation of this substrate involves 
a preliminary conversion into carbon dioxide. The 
inhibition of the photometabolism of both pyruvate 
and oxaloacetate by fluoroacetate, coupled with the 
accumulation of citrate, suggests that the tri- 
carboxylic acid cycle is participating in the process. 
This implies that the oxidation of these compounds 


Phosphoenolpyruvate is suggested as an inter- 
mediate in view of the work of Utter & Kurahashi 
(1954) and Bartley & Avi-Dor (1955). 

The photometabolism of acetate and butyrate is 
strongly inhibited by fluoroacetate, but citrate 
accumulates only in the presence of acetate, sug- 
gesting that under these conditions C, dicarboxylic 
acids can be synthesized from acetate, but not from 
butyrate. On the other hand, little or no citrate is 
formed from acetate in the dark, even when the CO, 
tension in the experimental vessels is high (‘Table 6). 
The results of Cutinelli et al. (1951) are interesting in 
this respect. They grew Rsp. rubrum on ®CH,.4CO,H 
and NaHCO,, and on NaHCO, and unlabelled 
acetate, and examined the distribution of the iso- 
topes in alanine, serine, glutamic and aspartic acids 
isolated from the cell protein. Their results indicated 
that carbon dioxide, or a derivative of it, combines 
with a C, compound derived from acetate to give a 
C, compound which is either converted into alanine 
or is further carboxylated to a C, dicarboxylic acid. 
Furthermore, the isotopes were distributed in 
glutamic acid in a way which could be explained 
only if the cycle were operative. The stimulation 
of the photometabolism of acetate by catalytic 
amounts of the C, dicarboxylic acids also supports 
the idea that acetate is metabolized in the light via 
the tricarboxylic acid cycle. 

In contrast to all these results is the work of 
Glover et al. (1952), who in very short-term (24 sec.) 
experiments with [2-1C]acetate found that, whereas 
succinate and «-oxoglutarate were labelled, the tri- 
carboxylic acid areas of their paper chromatograms 
were unlabelled. The tricarboxylic acids became 
equilibrated with the tracer only after a relatively 
long time. Maximum radioactivity was found in an 
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area of the paper which could not be identified with 
any known compound, and it was considered that 
this represented a new intermediary which Glover 
et al. (1952) referred to as ‘compound X’. In this 
work, total counts, but not specific activities, were 
measured. The fact that succinate and «-oxoglu- 
tarate were labelled before the tricarboxylic acids is 
not easy to explain in terms of established reactions. 
Nor is it possible at the moment to equate their 
results with ours. It seems to us important for the 
experiments of Glover et al. (1952) to be repeated 
and confirmed as a preliminary to the clearing up of 
this discrepancy. 

As was pointed out above, fluoroacetate may not 
be a specific inhibitor of the tricarboxylic acid cycle; 
the fact that the hydrogen—carbon dioxide reaction 
is inhibited by this compound supports this view, 
for it is not easy to understand how the cycle 
participates in this reaction, the more so since 
Glover et al. (1952) have shown that carbon dioxide 
fixation in Rsp. rubrum involves phosphoglyceric 
acid just as in green-plant photosynthesis. 


SUMMARY 


1. Rhodospirillum rubrum 81 metabolizes ace- 
tate, propionate, butyrate, pyruvate, oxaloacetate, 
succinate, fumarate and t-malate anaerobically in 
the light or aerobically in the dark. 

2. Monofluoroacetate (8-3 x 10-4m) strongly in- 
hibits (70-80%) the photometabolism of acetate, 
butyrate, pyruvate and oxaloacetate. The effect of 
the inhibition on the photometabolism of the re- 
maining substrates is much smaller (20-30 %). 

3. A material which behaved like citrate accumu- 
lated when acetate, pyruvate and oxaloacetate were 
metabolized anaerobically in the light in the 
presence of fluoroacetate. No significant amounts of 
citrate accumulated, over and above that formed in 
the control without substrate in the presence of 
fluoroacetate, when propionate, butyrate, succinate, 
fumarate and L-malate were metabolized under 
these conditions. 

4. Anaerobically in the dark the oxidation of all 
substrates was strongly inhibited by 8-3 x 10-*m 
fluoroacetate. 

5. Under these conditions citrate was produced 
from succinate, L-malate, fumarate and oxalo- 
acetate; the amount of citrate produced from 
propionate and pyruvate was small; the amount 
accumulating in the presence of acetate and 
butyrate was no greater than that formed by the 
cells alone. 

6. Succinate, fumarate and t-malate catalysed 
the photometabolism of acetate. 

7. Carbon dioxide stimulated the photometa- 
bolism of succinate. 

8. Aerobically in the dark carbon dioxide in- 
creased the endogenous citrate formed by suspen- 
sions of Rsp. rubrum in the presence of fluoroacetate. 
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9. Carbon dioxide had little effect on the amount 
of citrate formed aerobically in the dark from acetate 
and pyruvate in the presence of fluoroacetate. 

10. It is concluded that the tricarboxylic acid 
cycle plays an essential part in the light-metabolism 
of acetate, butyrate, pyruvate and oxaloacetate by 
washed suspensions of Rsp. rubrum, but not of 
propionate, L-malate, fumarate and succinate; that 
aerobically in the dark the oxidation of all sub- 
strates involves the tricarboxylic acid cycle. 


We would like to express our thanks to Dr B. C. Saunders 
for a generous gift of sodium monofluoroacetate. One of us 
(J. G. Ormerod) was in receipt of a Research Studentship 
from the Agricultural Research Council. This work was 
supported by the Rockefeller Foundation. 
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The Volatile Acids of Mutton Fat 
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Recent investigations on ox perinephric fat revealed 
the presence of a consecutive series of ‘odd and 
even’ normal volatile fatty acids (VFA) ranging 
from C, to Cy (Hansen & McInnes, 1954). This 
present paper reports the identification of the same 
series of VFA together with formic, isobutyric, iso- 
valeric and «-methylbutyric acids in the external 
carcass fat of sheep. Formic acid has not hitherto 
been reported as a constituent of natural fats, 
although it has been found in the venous and arterial 
blood of animals (Annison, 19546). Iso acids with 
molecular weight lower than that of the C,, iso acid 
13-methyltetradecanoic acid (Hansen, Shorland & 
Cooke, 1953) have not formerly been isolated from 
animal depot fats, except zsovaleric acid, which was 
identified in the body and head oils of dolphins and 
porpoises (Lovern, 1934). Until the present no 
anteiso acid with a molecular weight lower than 
that of 10-methyldodecanoic acid (Hansen, Shor- 
land & Cooke, 1954a) had been shown to occur in 
animal depot fats. In cow milk, however, all the 
even-numbered normal volatile acids (C,—C,,) are 
present (Hilditch, 1947), as are a number of odd- 
numbered normal, iso, and anteiso acids of higher 
molecular weight (Shorland, Gerson & Hansen, 
1955a,b; Hansen, Shorland & Cooke, 19546; 
Hansen & Shorland, 1951.) 


EXPERIMENTAL 


In preliminary investigations on the VFA of mutton fat, the 
glycerides (24-0 kg.) from a sample of fat (G 99) were cold- 
saponified, acidified and steam-distilled, and the VFA were 
extracted from the distillate with ether. The ether extract 
was fractionated in a 60 cm. fractionating column packed 
with glass helices, and the fractions obtained were titrated 
with approximately 0-5N-KOH with phenolphthalein as 
indicator, and the soap solutions taken to dryness. In order 
to regenerate the fatty acids the soaps were moistened with 
a little water, treated with an excess of KHSO, and 2 drops 
of 10N-H,SO, and extracted with chloroform containing 5% 
(v/v) n-butanol. An attempt was then made to use buffered 
partition chromatography as described by Moyle, Baldwin 
& Scarisbrick (1948), to separate and identify the saturated 
acids from C, to Cz. Quantitative results have not been 
provided for the acids isolated by this method, as they 
could not be completely eluted from the columns. In order 
to confirm the identification of these acids gas-liquid 
chromatography was employed, the soaps (denoted C) 
obtained by evaporation of the chloroform—butanol solu- 


tions from the buffered silica-gel columns being dissolved in 
water and made up to approximately 2N solutions. 

To obtain more exact information this work was con- 
tinued with two further samples from the external carcass 
fat of sheep (K7 comprising wethers, ewes and rams: K 40 
wethers). In K7 the fatty tissues were minced and heated 
with water on a water bath. After repeated washing with 
water, and drying to constant weight under vacuum at 
100°, the extracted glycerides (wt. 9-784 kg., saponification 
equiv. 285-2, iodine value 86-4, acid value 0-56) were con- 
verted into soaps, acidified and steam-distilled, the distillate 
passing into receivers containing aqueous KOH. The 
distillate (20 1.) was taken to dryness on a water bath, and 
the soaps were redissolved in water (200 ml.). In order 
to remove the unsaponifiable material the solution was 
extracted with ether, after which the soaps were reacidified 
and steam-distilled. The distillate (71.) was collected as 
seven equal fractions, the first of which was titrated with 
0-742 N-NaOH, evaporated to dryness on a water bath and 
then dissolved in water and made up to an approximately 
4N solution (denoted A). Owing to the presence of higher 
fatty acids the soaps obtained from the other six fractions 
could not be dissolved in water to give a 2N solution. The 
soaps were redissolved in water (21.) containing MgSO, 
(50 g.), steam-distilled in the manner suggested by Friede- 
mann (1938) to yield a distillate (1-5 1.) which was titrated 
as before, and the solution evaporated to dryness. The soaps 
were dissolved in water and made up to an approximately 
2N solution (denoted B). K 7 (A) and K 7 (B) required 20 and 
32-2 ml. of 0-742 N-NaOH respectively. Samples (30 yl.) of 
each of the solutions (A), (B) and (C) were treated as 
prescribed by James & Martin (1952) forthe micro-estimation 
of volatile acids isolated as their sodium or potassium 
soaps. 

The sample K40 (wt. 1-06 kg., saponification equiv. 
289-1, iodine value 26-0, acid value 0-8) was treated in much 
the same manner, except that the soaps obtained by titrating 
the steam distillate (23 ml. of 0-466 N-NaOH) were dissolved 
in water and made up to 20 ml. in a standard flask. A 
portion (2 ml.) of this solution was then treated in a manner 
devised by one of us (McInnes, 1956). The free VFA ob- 
tained on acidifying the soaps with KHSO, were dissolved 
in ether and the anhydrous extract was made up to 10 ml. 
A portion (0-5 ml.) of the ethereal solution was then intro- 
duced into a modified gas-liquid chromatographic column. 
The ether used throughout the work was freshly distilled 
from a mixture of FeSO, and KOH. 

Analysis of volatile fatty acids. The gas-liquid partition 
chromatography method of James & Martin (1952) was 
employed at a temperature of 137°, with Cellosolve (2- 
ethoxyethanol) in the heating jacket. The column length 
was 4 ft. and the liquid phase was silicone oil M.S. 550 
(Hopkin and Williams Ltd.) containing 10 % (w/w) of stearic 
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acid. The gaseous phase was N,. The C,-C, acids were 
checked by operating the column at a temperature of 100°; 
the column was loaded with three times the quantity of 
acids mentioned above in order that those present in small 
proportions could be estimated more accurately. 

Synthetic mixtures of VFA (Eastman Kodak Co.) were 
used to check the retention volumes of the acids which were 
present in the external carcass fat of sheep. Unless stated 
otherwise, all percentages of VFA are expressed on a 
molecular basis. 

RESULTS 

By means of gas-liquid chromatography all the 
straight-chain VFA (both odd and even) from C, to 
Cy), together with isobutyric, isovaleric, «-methy]l- 
butyric and four unidentified acids, have been 
shown to be present in the external carcass fat of 
sheep. It can be seen from Table 1 that each acid is 
expressed as a percentage of the total concentration 
of VFA from C, to Cj. In K7, it is likely that the 
value for formic acid is too low since it has been the 
experience in this Laboratory that the method 
suggested by James & Martin (1952) for the applica- 
tion of fatty acids on to a 4 ft. chromatographic 
column results in a loss of formic acid from the 
column when a temperature of 150° is used, and is 
not safe for quantitative work even at a temperature 
of 100°. This has been overcome by the new pro- 
cedure mentioned above (McInnes, 1956). Com- 
bined results for K 7(A) and K7(B) are also given in 
Table 1. 

In the work now reported VFA were first detected 
in the steam distillate of mutton fat by buffered- 
partition chromatography (Moyle et al. 1948). The 
individual acids isolated by this method were 
checked by the gas-liquid chromatographic pro- 
cedure of James & Martin (1952), and it was found 
that the acids had not been eluted in the order 
described by Moyle et al. (1948). This was attributed 
to the gradual deterioration of the non-adsorptive 
properties of the silica gel, as it had been kept in an 
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air-tight bottle for approximately 9 months. It 
appeared, however, that the method of Moyle et al. 
(1948) could be used satisfactorily if a check were 
kept on the properties of the silica gel by chromato- 
graphing standard solutions of acids alongside the 
unknown samples. A further advantage of the gas— 
liquid chromatogram of James & Martin (1952) was 
that the method provided for the identification of 
all the normal saturated VFA from C, to Cy), whereas 
the buffered columns were limited to a range of 
C,-C,. In addition, the above method enabled all 
the isomers up to n-valeric to be estimated. 

The total weight of VFA as determined from the 
graphs obtained by the gas-liquid chromatographic 
apparatus are approximately 1-25 g. (K7) and 
0-60 g. (K 40). These are approximately 0-01 and 
0-06% by weight respectively of the total fatty 
acids. 

Four unidentified acids with retention volumes 
relative to n-butyric acid of 2-5, 5-74, 9-68 and 17-00 
at 137° were found. These values suggest that they 
may be isomers, or mixtures of isomers, of n- 
hexanoic, n-heptanoic, n-octanoic and n-nonanoic 
acids respectively. As the fatty acids were not 
hydrogenated before they were steam-distilled, the 
possibility that these four acids could be un- 
saturated cannot be overlooked. 

The steam-distillation procedure which is adopted 
for preparing a volatile-acid fraction free from higher 
fatty acids is unsatisfactory; it is not possible to 
ensure that any given volatile acid has been com- 
pletely separated from the higher fatty acids, and 
no procedure is known to the authors that will give 
exclusively any given fraction of volatile acids. 
Comparing the volatile acids in K7(A) and K7(B) 
in Table 1, it will be seen that fraction B contains 
all the formic acid together with a fair proportion of 
the acetic acid. This suggests that when fatty acids 
are steam-distilled, most of the acids from C,; to C, 
pass over in a comparatively small volume of 


Table 1. Molecular percentages of C,-C,, fatty acids from the external carcass fat of sheep 





K7 (A) K7(B) 

Formic -- 40-3 
Acetic 16-2 56-2 
Propionic 0-8 — 
isobutyric 1-0 

n-Butyric 5:3 3-1 
isoValeric } 1-2 by 
a-Methylbutyric = 

n-Valeric 1-6 —- 
Unknown Trace — 
n-Hexanoic 29-0 _ 
Unknown 2°8 — 
n-Heptanoic 4-4 —_ 
Unknown 2-4 a 
n-Octanoic 11-6 — 
Unknown 4:8 _ 
n-Nonanoic 4-4 — 
n-Decanoic 14-5 0-4 


K7 (A) + K7 (B) K40 G99 (C) 
27-4 37-0 Present 
43-3 39-0 Present 

0-3 1-4 Present 
0-3 0-4 Present 
3°8 1-8 Present 
0-4 0-4 Present 
0-5 1-0 Present 
Trace Trace — 
9-3 9-9 Present 
0-9 0-4 Present 
1-4 1-7 Present 
0-8 0-7 — 
3-7 2-1 Present 
1-5 0-4 — 
1-4 1-0 — 
5-0 2-8 — 
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distillate, formic and acetic acids being steam- 
distilled with more difficulty. 

Since the glycerides of K7 and K 40 were dried 
under vacuum at 100° the lower VFA would have 
been removed had they been present as free fatty 
acids. Furthermore, although glycerides containing 
formic acid can be hydrolysed by boiling with water, 
it would appear that under the conditions used in 
this investigation hydrolysis does not occur to any 
appreciable extent, and the VFA identified in K7, 
K 40 and G99 are present as glycerides. 


DISCUSSION 


The occurrence of n-, iso- and anteiso-acids in the 
VFA from the external carcass fat of sheep, as 
shown by this work, is not unexpected, since it is 
known that acetic, propionic, isobutyric, n- 
butyric, isovaleric, a«-methylbutyric and _ trace 
amounts of hexanoic acids are present in the rumen 
of sheep (Annison, 1954a). It is of interest, how- 
ever, to find that there exist differences in the 
relative amounts of VFA in the carcass fat and the 
rumen. For example, n-hexanoic acid occurs to the 
extent of approximately 10% of the total VFA 
from the fat, although it is present only in trace 
amounts in the rumen. It can be seen from Table 1 
that the even-carbon VFA (approximately 55% of 
total VFA) occur in the following descending order 
of molecular concentration: n-acetic, n-hexanoic, 
n-decanoic, n-butyric, n-octanoic, tsobutyric. The 
odd-carbon acids, on the other hand, excluding 
formic acid, occur to the extent of less than 5% of 
the total VFA in mutton fat, the higher members 
n-heptanoic and n-nonanoic being present in the 
greater proportions. The work of Gray, Pilgrim, 
Rodda & Weller (1951) has shown that n-valeric 
acid can be synthesized from propionate in the 
rumen of sheep, and it is in accordance with modern 
views that the higher acids in this series are syn- 
thesized by the successive addition of acetate units 
to propionate. 

The concentrations of the odd-carbon (0-35% 
approximately of VFA) and even-carbon (0-35 % 
approximately of VFA) branched-chain acids iso- 
valeric, «-methylbutyric and isobutyric acids 
together account for only a very small proportion of 
the total VFA. Their presence in the depot fat, 
however, supports the suggestions of various 


workers (Velick & English, 1945; Weitzel & 


Lennert, 1951; El-Shazly, 1952; Shorland, 1953) 
that these acids are the precursors of the higher 
branched-chain acids found by this laboratory in 
animal depot fats in amounts greater than 1% by 
weight of the total fatty acids. 
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No explanation can be offered at present for the 
large proportion (approximately 37%) of formic 
acid in the VFA of mutton fat, although it is known 
to be present in the rumen of sheep (Gray, Pilgrim, 
Rodda & Weller, 1951, 1952) and the venous and 
arterial blood of animals (Annison, 19545). 


SUMMARY 


1. By means of gas-liquid chromatography all 
the normal fatty acids, both odd and even, from C, 
to Cy) have been shown to occur in the external 
carcass fat of sheep. 

2. Two iso acids, isobutyric and isovaleric, and 
an anteiso acid, «-methylbutyric, as well as formic 
acid, have for the first time been shown to be com- 
ponents of an animal depot fat. 


The authors are much indebted to Dr F. B. Shorland, 
Director of this Laboratory, for advice and helpful dis- 
cussion. 
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The Enzymic Hydrolysis of Steroid Conjugates 


1. SULPHATASE AND £-GLUCURONIDASE ACTIVITY OF MOLLUSCAN EXTRACTS 


By 8S. R. STITCH,* I. D. K. HALKERSTON ann JANET HILLMAN 
The Biochemical and Endocrinological Research Department oj Bristol Mental Hospitals, 
Barrow Hospital, Barrow Gurney, nr. Bristol 


(Received 11 November 1955) 


The application of sulphatase preparations to the 
hydrolysis of steroid sulphates has been mainly 
confined to substrates in which the sulphate radical 
is linked to the steroid through a phenolic hydroxyl 
group. 

In a review of the literature concerning sul- 
phatases, Fromageot (1938, 1950) classified these 
enzymes into four groups according to the nature of 
the substrate decomposed. Evidence was presented 
for a high degree of specificity of the enzyme 
towards the substrate. The systems most widely 
studied have been those active in hydrolysing 
phenolic (aryl) sulphates, but incapable of splitting 
those linked through the alcoholic (alkyl) hydroxyl 
groups such as occur in the neutral 17-oxosteroids 
(Lieberman & Dobriner, 1951). Thus Butenandt & 
Hoffstetter (1939) used Taka diastase to hydrolyse 
oestrone sulphate, and Cohen & Bates (1949) used 
myalase P to split the conjugated oestrogens of 
pregnant-mare urine. It was not found possible to 
effect the hydrolysis of the neutral 17-oxosteroid 
sulphates with sulphatase preparations of micro- 
biological origin (Beuhler, Katzman & Doisy, 
1950) or with Taka diastase of fungal origin (Stitch 
& Halkerston, 1953a). The ability of certain sul- 
phatase preparations of molluscan origin to hydro- 
lyse some neutral steroid sulphates has, however, 
been described recently (Henry, Thevenet & 
Jarrige, 1952; Henry & Thevenet, 1952; Stitch & 
Halkerston, 1953a, b). These workc:s also confirmed 
the findings of Dodgson & Spencer (19535) that the 
extracts are a very rich source of £-glucuronidase. 
Further studies of the molluscan sulphatase by Roy 
(1954, 1956) and by Savard, Bagnoli & Dorfman 
(1954) have shown that it is not a general alkyl- 
sulphatase, but is specific for 3f8-sulphates of 
5a- and A5-steroids. 

This paper describes some enzymic properties of 
molluscan extracts, with special reference to the 
hydrolysis of steroid conjugates. 


* Present address: Medical Research Council Radio- 
biological Research Unit, Atomic Energy Research Estab- 
lishment, Harwell, Didcot, Berks. 
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EXPERIMENTAL 
Reagents 
Ether. A.R. grade ether was redistilled from ferrous 
sulphate. 


Ethanol. This was purified for the Zimmermann reaction 
according to the method described by Cook, Dell & Wareham 
(1955). 

Carbon tetrachloride. A.R. grade CCl, was fractionated 
through a six-pear column; the middle fraction was collected 
for use. 

Substrates 


Sodium androst-5-en-38-ol-17-one sulphate (dehydroepi- 
androsterone sulphate). This was prepared from androst-5- 
en-38-ol-17-one (dehydroepiandrosterone) (m.p. 148° un- 
corrected) by treatment with pyridine-sulphur trioxide 
(Talbot, Ryan & Wolfe, 1943). The m.p. was 191° un- 
corrected. 

Sodium androsterone sulphate. The sample used was made 
available through the generosity of Dr R. Dorfman, of the 
Worcester Foundation, U.S.A. The m.p. was 165-180° un- 
corrected. 

Sodium oestrone sulphate. An impure sample only was 
available. 

Sodium pregnanediol glucuronide. Two preparations were 
used; one (10.p. 270-271°, not free from ketonic material) 
was supplied from the M.R.C. steroid reference collection. 
Thesecond preparation was extracted from pregnancy urine 
by the method of Venning (1937), and was recrystallized 
from 90% ethanol (m.p. 269-270° uncorrected, not free 
from ketonic material). 

Borneol glucuronide. The preparation used was supplied 
through the generosity of Professor J. K. N. Jones (Queen’s 
University, Kingston, Ontario). 

Sodium phenolphthalein B-glucuronide. This substrate was 
prepared according to the method described by Fishman, 
Springer & Brunetti (1948). The m.p. was 210°. 


Preparation of the enzyme powder 


Material. The limpets (Patella vulgata) were collected in 
batches of 10-20 kg. (3000-6000 limpets) from the Bristol 
Channel coast in the neighbourhood of Clevedon, Somerset. 
The majority of these molluscs were between 18 and 29 mm. 
in diameter, with a mean weight of 2-5 g. The common 
periwinkles (Littorina littorea) were obtained from the 
Marine Biological Station, Plymouth. 
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The limpets were processed in 2 kg. batches. They were 
ground in a mincer with a small amount of solid CO, powder 
and the mince was extracted at once with 2 1. of water in a 
ball mill for 30 min. After milling, the material was allowed 
to stand for 5-10 min. and the suspended protein and silt 
was decanted from the heavier shell fragments. The decanted 
suspension was centrifuged at 2000 rev./min. (M.S.E. major 
centrifuge) for 15 min. and the turbid supernatant stored at 
5°. The residue and shell fragments were again extracted in 
the ball mill with 2 1. of distilled water for a further 15 min. 
The separation of shell fragments was repeated and the 
supernatant added to the first extract. For maximum 
yields the extraction may be repeated a third time with 1 1. 
of water. The combined supernatants were then brought to 
65% (v/v) acetone concentration. Acetic acid was added 
dropwise during vigorous stirring until flocculation occurred 
(pH 6-0-6-5), and the precipitate was allowed to settle over- 
night at 5°. The supernatant acetone was removed and the 
powder was washed repeatedly with acetone at the centri- 
fuge until desiccation was complete. The last traces of the 
solvent were removed in vacuo. 

The powder (200 g.) was stirred with 101. of water for 
1 hr. The insoluble material was removed by centrifuging 
at 1500 rev./min. for 30 min., and the slightly turbid super- 
natant stored at 5°. The insoluble residue was re-extracted 
with 7 1. of water by stirring for 15 min. After centrifuging, 
the supernatant was added to the first extract, and the 
residue discarded. The combined extracts were brought to 
pH 4-5 (glass electrode) by the addition of acetic acid and the 
precipitate was separated by centrifuging at 1500 rev./min. 
for 10-20 min. and discarded. Acetone was added to the 
supernatant to give a final concentration of 65% (v/v) and 
the mixture vigorously stirred. If flocculation did not occur, 
the pH was adjusted to approximately 6-5 with n-NaOH 
during stirring. The precipitate was allowed to settle over- 
night at 5° and the acetone removed. The precipitate was 
suspended in water (500-1000 ml.) and dialysed in Visking 
tubing against tap water for 18-24 hr., and finally against 
distilled water at 5° for 24 hr. Insoluble material removed 
by centrifuging was discarded and the supernatant was 
freeze-dried. This material is referred to throughout this 
paper as ‘the enzyme’. The periwinkles were treated 
similarly. 


Enzymic hydrolysis of substrates 


The steroid substrates were incubated with the enzyme in 
5 ml. of acetate buffer solution at 37°+0-1° in glass centri- 
fuge tubes (15 ml.), and the liberated steroids extracted with 
ether. In the case of sodium pregnanediol glucuronide the 
incubation medium was made alkaline by addition of 1 ml. 
of 10% Na,HPO, before extraction, since the glucuronide is 
itself soluble in ether at low pH values. Three extractions 
with 5 ml. of ether were carried out, and the combined 
extracts washed once with water. The ether was dried over 
anhydrous Na,SO, for 3-4 hr., and the ether decanted and 
the Na,SO, washed twice with 3 ml. of ether. The combined 
ether extracts and washings were then evaporated to dryness 
and the last traces of solvent removed in vacuo. 

The free 17-oxosteroids liberated from dehydroepiandro- 
sterone sulphate and from androsterone sulphate were 
estimated colorimetrically by means of the Zimmermann 
reaction as modified by Callow, Callow & Emmens (1938). 

Free pregnanediol was estimated by incubating the dried 
ether extract with 2 ml. of conc. H,SO, at 25° for 20 min., 
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the yellow colour being read after a further 45 min. in a 
Spekker absorptiometer with 0-5 ml. cells of 1 em. light- 
path and Ilford violet filters. 


Estimation of sulphatase activity 


The sulphatase activity of the enzyme powders was 
determined by estimating the rate of release of dehydroepi- 
androsterone from the sulphate under the optimum condi- 
tions of pH and substrate concentration (pH 4-8; substrate 
concentration approximately 0-21 mm; see below). One 
unit of activity is defined as that which releases 1 yg. of 
dehydroepiandrosterone from the sulphate under these 
conditions. 

One kilogram of limpets (approx. 300) yields 2-10 g. of 
powder assaying 800-2800 units/g. On purification the 
yield per kg. of limpets is more constant, typical values 
lying between 1 and 2-5 g. with a potency of 8000-12 000 
units/g. The overall yield was 25 000-30 000 units/kg. of 
whole limpets. 

The extracts prepared from L. littorea gave similar values 
for potency with a rather higher yield per kg. of molluscs 
than from P. vulgata. This would be expected owing to the 
absence of the large muscular foot. 


Estimation of the B-glucuronidase activity 
of the enzyme powders 


During the early stages of the work, the ability of the 
enzyme to liberate glucuronic acid from borneol glucu- 
ronide was utilized to demonstrate B-glucuronidase activity. 
The hydrolysis of borneol glucuronide was demonstrated by 
measuring the rate of release of glucuronic acid from the 
substrate in terms of p-glucuronolactone (Folin & Wu, 1919). 

Phenolphthalein £-glucuronide, when available, was used 
as substrate for the assay of 8-glucuronidase, the assay being 
simpler and more specific than that with borneol glucuronide. 
The method adopted has been described by Jarrige & 
Henry (1952), and the units of B-glucuronidase activity 
quoted in this paper were assessed under the conditions 
described by these authors. 

The crude acetone-dried powders of P. vulgata assayed 
between 0-2x10® and 0-6 x 10° units/g. with phenol- 
phthalein £-glucuronide as substrate, and the purified pre - 
parations varied between 1-0 x 10° and 2-0 x 10® units/g. 
These values are some twenty times the potency of the 
commonly available mammalian f-glucuronidase prepara- 
tions. The yield per kg. of limpets was approximately 
5-0 x 108 units. 


RESULTS 


According to Talbot et al. (1943) a spontaneous 
hydrolysis of dehydroandrosterone sulphate occurs 
in aqueous solution. To test this, a solution (1 mg./ 
ml.) was maintained at room temperature for 
10 days. It was then thoroughly shaken to distri- 
bute insoluble free steroid, and 2 ml. portions were 
taken for estimation of the free 17-oxosteroid. Some 
decomposition (approx. 3%) of the steroid con- 
jugate occurred under these conditions. For this 
reason, only small quantities of the substrate 
solution were prepared as required and stored 


below 0°. 
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Table 1. Hydrolysis of some steroid sulphates by the enzyme 


Steroid sulphate (400 yg.) was incubated with the enzyme (approximately 100 units of sulphatase in 10 mg. of powder), 
} in 5 ml. of 0-2m acetate buffer, pH 4-8; temp. 37°+0-1°. 


Incubation Steroid 
Enzyme time released 

Substrate (mg.) (hr.) (ug) 
Androsterone _— 1 7 
Androsterone — 5 5 

— 10 1 4* 

— 10 5 8* 
Androsterone 10 1 6 
Androsterone 10 5 5 
Dehydroepiandrosterone sulphate — 1 4 
Dehydroepiandrosterone sulphate _ 5 5 
Dehydroepiandrosterone sulphate 10 1 100 
Dehydroepiandrosterone sulphate 10 5 194 
Oestrone sulphate — 1 8 

-- 10 1 4* 
Oestrone sulphate 10 11 47 

* Apparent steroid released. 
Sulphatase activity of enzyme powders 40 (b) 
A pH of 4-8 and a substrate concentration of 
about 0-21 mM appear to be optimum, giving a 30 


linear time—hydrolysis relationship up to 2 hr. and 
| a linear enzyme concentration—hydrolysis rate up to 


an enzyme concentration of 2 mg. of freeze-dried 20 
material/ml. of incubation medium (Fig. 1). 
The results, with various steroid sulphates as _ 10 
substrate, shown in Table 1, indicate that after 1 hr. 0 
25 % of dehydroepiandrosterone sulphate had been = 
hydrolysed, and after 5hr., 48:-5%. In lLhr., 3 40 80 120160 200240 280 320360400 440 
12% of oestrone sulphate was hydrolysed. When 3s Substrate concn. (ug./ml.) 
androsterone sulphate was used as substrate no £ : 
release of 17-oxosteroid could be demonstrated even 3 70 
after 5hr. Other conditions of pH and substrate o (a) 
concentration were not investigated in relation to m 60 
the hydrolysis of androsterone sulphate and 50 
cestrone sulphate. 40 
Effect of some ions and of acetate buffer. Table 2 
shows that both fluoride and phosphate ions (in a 30 
concentration of 0-01 m) inhibit the reaction strongly, 20 
whereas sulphate at a concentration of 0-02m 10 


oO 


caused a 50 % inhibition of the sulphatase. Chloride 
and barium ions appeared to be without marked 3 4 5 6 7 
effect. Roy (1956), however, reported that 0-05m 


chloride caused a 25 % inhibition of his sulphatase 
a “i - P Fig. 1. Sulphatase activity of enzyme powder. Dehydro- 


a ; epiandrosterone sulphate was incubated at 37-0-1°: 

Incubation of the substrate and enzyme with (a) substrate concentration 400yg./ml., for 2 hr. with 
varying concentrations of acetate buffer at pH 4-8 10 mg. of the enzyme in acetate buffer of required pH 
showed that increase in the acetate concentration (final concentration 0-02 m) ; (6) substrate (20-400 yg./ml.) 
increased the rate of hydrolysis, with a maximum in with 10 mg. of the enzyme for 1 hr. in acetate buffer 
the region of a final acetate incubation molarity of (0-02 final concentration). 


a 
ot 
bo 
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0-2m. There was no measurable hydrolysis when the 
enzyme was omitted at any of the acetate concen- 


trations employed (Table 3). 


B-Glucuronidase activity of enzyme powders 


A pH of 3-5—4-0 appeared to be optimum; there 
was a linear relationship for at least 2 hr. between 
the rate of hydrolysis and substrate concentration 
up to 48 x 10-5. 

Effect of barium on the hydrolysis of phenol- 
phthalein B-glucuronide. An enzyme powder assayed 
1-0 x 10° units of 8-glucuronidase/g. by the standard 
method. In a parallel incubation in 0-1m barium 


Table 2. Effect of some common ions on the rate of 
hydrolysis of dehydroepiandrosterone sulphate by 
the enzyme 
The sulphate (0-21 mm) was incubated for lhr. at 

37°+0-i° with the enzyme (approximately 130 units of 

sulphatase in 10 mg. of powder), in 5 ml. of 0-2 acetate 
buffer at pH 4-8. Inorganic compounds were added. 


17-Oxosteroid Hydrolysis 


Conen. liberated (% value 
Substance (mM) (ug-) without salt) 
None — 130 100 
Na,SO, 0-002 123 94 
0-01 ae 59 
0-02 57 44 
NaCl 0-01 136 105 
0-02 120 92 
0-20 122 94 
NaF 0-01 22 17 
0-02 2 1-5 
0-20 2 1-5 
NaH,PO, 0-002 20 15 
0-01 0 0 
0-02 0 0 
BaCl, 0-61 134 103 
0-10 137 105 
Table 4. 
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chloride, the same powder assayed 1-23 x 10° units/ 
g. Barium was therefore shown not to be an in- 
hibitor of the enzyme with respect to this substrate. 
Enzymic hydrolysis of pregnanediol glucuronide. 
The hydrolysis of a steroid glucuronide was demon- 
strated with pregnanediol glucuronide. The opti- 
mum conditions for this enzymic reaction in 0-1M 
acetate buffer were found to be approximately 
pH 3-5 and substrate concentration of 0-8 mg./ml. 


Effect of dialysis on the sulphatase and 
B-glucuronidase activities of the molluscan extracts 


Soda & Egami (1941) described the removal of 
glucosulphatase inhibitors from crude extracts of 
tropical marine molluses (Charonia lampas). The 
crude extracts (i.e. of the acetone-dried powders) 
used here have shown a regular three- to four-fold 
increase in sulphatase activity on dialysis against 
distilled water (Table 4). This indicated the presence 
of a dialysable inhibitor in the crude extracts. 

Dialysis appeared to have no effect on the f- 
glucuronidase activity under these conditions. 





Table 3. Effect of acetate buffer concentration on the 
hydrolysis of dehydroepiandrosterone sulphate by 
the enzyme 


The sulphate (0-21 mm) was incubated for lhr. at 
37°+0-1° with the enzyme (approximately 130 units of 
sulphatase in 10 mg. of powder), in 5 ml. of acetate buffer, 
pH 4-8, of various concentrations. 


Steroid released 


Acetate buffer pH of solution 


(final molarity) before incubation (ug-) 
0-02 4-81 75 
0-04 4-76 82 
0-10 4-76 128 
0-30 4-76 147 
0-40 4-76 140 
0-60 4-77 142 


Effect of dialysis on the sulphatase (dehydroepiandrosterone sulphate) and B-glucuronidase 


(phenolphthalein B-glucuronide) activities of enzyme powders from Patella vulgata and Littorina littorea 


Crude enzyme powder (1 g.) was suspended in 50 ml. of water overnight at 5°. Water (50 ml.) was added, centrifuged, 
and portions of the supernatant were assayed by the standard methods described in the text. Crude powder (1 g.) was 
also suspended in 50 ml. of water in 20 mm. of Visking tubing and dialysed against 241. of water overnight at 5°. The 
solution was centrifuged and portions of the supernatant were assayed by the standard methods. 


B-Glucu- 
Sulphatase ronidase 
Extract Treatment (units/g.) (10° units/g.) 
Powders prepared from P. vulgata 
Sample 1 Non-dialysed 790 — 
Dialysed 1533 — 
Sample 2 Non-dialysed 1500 0-4 
Dialysed 5000 0-39 
Sample 3 Non-dialysed 1070 0-20 
Dialysed 2100 0-20 
Powder prepared from L. littorea 
Sample 1 Non-dialysed 1800 
Dialysed 4500 — 
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Effect of pH change during preparation 
of the enzyme extracts 


Dodgson & Spencer (1953a) have shown that f- 
glucuronidase from P. vulgata is irreversibly in- 


‘activated at pH 2-25 without appreciable loss in 


phenol-sulphatase activity (with potassium p- 
acetylphenyl sulphate as substrate). 

The stability of the sulphatase and £-glucuroni- 
dase in the pH range 1-0—12-0 was studied. The 
results shown in Fig. 2 indicate that, although the 
sulphatase is inactivated in the alkaline range 
(ovér pH 9-0), it is much less affected by pH values 
between 2-0 and 3-0 than the £-glucuronidase, which 
is completely inactivated at pH 2-0. 


DISCUSSION 


Roy (1954) has achieved by paper electrophoresis 
a separation of the phenolsulphatase activity of 
extracts of P. vulgata from the steroid sulphatase 
with dehydroepiandrosterone sulphate as _ sub- 
strate but was unable to separate glucosulphatase 
and steroid sulphatase activities. Extracts made 
from L. littorea, shown to be richer in glucosulpha- 
tase than those from P. vulgata (Dodgson & Spencer, 
19535), have, in our experience, no greater activity 
in hydrolysing dehydroepiandrosterone sulphate 
than those of P. vulgata; this does not support the 
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Fig. 2. Effect of pH on the stability of the sulphatase and 
B-glucuronidase prepared from P. vulgata. Purified 
enzyme powder (50 mg.) was shaken with 0-1N-KCl 
(10 ml.), and adjusted to the required pH value with 
N-KOH or n-HCl. After lhr. the sulphatase and p- 
glucuronidase activities of the solutions were estimated 
by means of the standard methods described in the text. 
—, Sulphatase activity with dehydroepiandrosterone 
sulphate; ----, B-glucuronidase activity with phenol- 
phthalein §-glucuronide. 
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view that the glucosulphatase and steroid sul- 
phatase are identical. Roy (1954) has found 
discrepancies in the quantitative effect of inhibitors 
on the steroid sulphatase of P. vulgata when com- 
pared with their effect on the glucosulphatase of 
C. lampas (Soda, 1936). 

The marked specificity of the enzyme (Savard 
et al. 1954; Roy, 1956) limits the application for the 
hydrolysis of urinary steroid conjugates. It is, 
however, likely that the enzymic hydrolysis of the 
important urinary steroid metabolite dehydroepi- 
androsterone sulphate may be of some value, as 
transformation of this compound readily occurs 
during hot acid hydrolysis. 

The extracts made from P. vulgata have a f- 
glucuronidase activity about twenty times the 
potency of most preparations made from mam- 
malian sources. This allows the use of very high 
concentrations of enzyme to overcome urinary 
inhibitors without the disadvantage of excessive 
protein. Cook et al. (1955) were able to add 200000 
units of £-glucuronidase to 25 ml. of urine for the 
hydrolysis of urinary corticosteroids with only 
100 mg. of dried-enzyme preparation. 

The significance of these findings with regard to 
(a) the yields of urinary steroids obtained after 
enzymic hydrolysis of urinary steroid conjugates, 
and (6b) the utility of molluscan extracts for the 
enzymic hydrolysis of certain steroid conjugates for 
clinical purposes, is at present under investigation. 


SUMMARY 


1. Methods have been described for the prepara- 
tion and purification from molluscs of a sulphatase 
capable of hydrolysing the sodium salt of dehydro- 
epiandrosterone sulphate, and a £-glucuronidase 
enzyme system. 

2. Seme properties of the sulphatase have been 
studied and a method of assay is described. 

3. The sulphatase had no action on androsterone 
sulphate. 

4. Some properties of the £-glucuronidase have 
been described with respect to its action on borneol 
glucuronide and pregnanediol glucuronide. 

5. Evidence for the existence of a dialysable 
sulphatase inhibitor in the extracts has been 
presented. An irreversible inactivation of the 
sulphatase at pH values over 9-0 and of the p- 
glucuronidase at pH values below 3-0 has been 
demonstrated. 

6. The specificity of the sulphatase is a limiting 
factor in the application to the hydrolysis of urinary 
steroid conjugates. 


The authors wish to thank Mr M. Nelson for assistance 
with the preparation and assay of the enzyme extracts. 
Gifts of androsterone sulphate from Dr R. Dorfman, 
Worcester Institute for Experimental Biology and Medicine, 
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Mass., U.S.A., and of borneol glucuronide from Professor 
J. K. N. Jones, Queen’s University, Kingston, Ontario, 
Canada, are gratefully acknowledged. We are indebted to 
Dr Max Reiss of this department and to Professor J. K. N. 
Jones for helpful discussions and advice. 
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The Enzymic Hydrolysis of Steroid Conjugates 
2. HYDROLYSIS OF STEROID CONJUGATES IN URINE 
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Barrow Hospital, Barrow Gurney, nr. Bristol 
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That urinary androgenic substances might be 
excreted as conjugates was first indicated by Funk, 
Harrow & Lewja (1929). Since that date, only two 
types of steroid conjugate have been isolated from 
urine—the glucuronides and the sulphates. 

It has long been recognized that the drastic con- 
ditions of acid hydrolysis necessary to release 
steroids from these water-soluble derivatives in 
urine may result in losses or chemical transforma- 
tions. Mild forms of acid hydrolysis have also been 
tried, but those steroids linked with glucuronic acid 
require for hydrolysis the stronger acid conditions 
which are responsible for the production of artifacts. 
These problems have been reviewed by Pincus 
(1954), and by Birke & Plantin (1954). 

The successful use of bacterial glucuronidase for 
the hydrolysis of steroid glucuronides was reported 
by Buehler, Katzman, Doisy & Doisy (1949). 

* Present address: M.R.C. Radiobiological Research 
Unit, Atomic Energy Research Establishment, Harwell, 
Didcot, Berks. 


Several authors (e.g. Cohen, 1951; Corcoran, Page 
& Duston, 1950; Cox & Marrian, 1951; Kinsella, 
Doisy & Glick, 1950) have since demonstrated that 
hydrolysis of urinary steroid conjugates with pre- 
parations of £-glucuronidase liberated considerably 
more formaldehyde-producing material from urine 
than hydrolysis and extraction at pH 1. More 
recently, Katzman, Straw, Buehler & Doisy (1954) 
have described the action of bacterial B-glucuroni- 
dase preparations on urinary oestrogen conjugates. 
A study of the hydrolysis of steroid conjugates by 
calf-spleen B-glucuronidase was made by Cohen 
(1951). Bitman & Cohen (1951) compared the 
hydrolysis of conjugated 17-oxosteroids by the 
acetate-buffer technique of Talbot, Ryan & Wolfe 
(1943), by calf-spleen f-glucuronidase and by 
hydrochloric acid at pH 1. 

This paper describes the application of sulphatase 
and £-glucuronidase of molluscan origin to the 
hydrolysis of some urinary neutral 17-oxosteroid 
sulphates and glucuronides. 
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EXPERIMENTAL 


The enzyme powders were prepared from specimens of 
Patella vulgata by the procedure described in the previous 
paper (Stitch, Halkerston & Hillman, 1956). The sulphatase 
activity of the powders used varied between 2000 and 
15000 units/g., and had an average -glucuronidase 
activity of 1-5 x 10® units/g. A powder containing 9100 units 
of sulphatase/g. and 1-2 x 10® units of B-glucuronidase/g. 
was used for the study of the effect of pH, enzyme concen- 
tration, time and inhibitors on the enzymic process in urine. 

Enzymic hydrolysis, extraction and estimation of urinary 
neutral 17-oxosteroids. In the following enzyme experiments, 
the urine samples were warmed to 37° in small flasks and 
adjusted to the required pH. An aqueous solution of the 
enzyme was added and the pH finally checked. The flasks 
were lightly stoppered with cotton wool and incubated at 
37+0-1° for the required time. The samples were then 
cooled and extracted four times with equal volumes of 
ether. The combined ether extracts were washed twice with 
2n-NaOH (4 vol.), and finally three times with distilled 
water (4 vol.). Troublesome emulsions, when encountered, 
were broken by centrifuging. The washed ether extracts were 
dried over sodium sulphate for 3-4 hr. and filtered through 
a sintered-glass funnel (1 A), under reduced pressure. The 
ether was evaporated and the residue dissolved in ethanol. 
Suitable portions were taken for the estimation of the 17- 
oxosteroids, by means of the Zimmermann reaction. 

Acid hydrolysis, extraction and estimation of urinary neutral 
17-oxosteroids. The urine samples were refluxed with con- 
centrated HCl (15 ml./100 ml. of urine) and CCl, (20 ml./ 
100 ml. of urine) according to the method of Callow, Callow, 
Emmens & Stroud (1939). The combined CCl, extracts were 
washed twice with 2n-NaOH (} vol.) to remove phenolic 
substances, and three times with distilled water (} vol.). 
The washed extract was dried over Na,SO, for 3-4 hr., 
filtered through a sintered funnel and concentrated by 
distillation; it was then made up to 50 ml. with CCl,. 
Suitable portions were evaporated to dryness at 100-110° 
(oil bath), and the 17-oxosteroid content was estimated by 
means of the Zimmermann reaction (Callow, Callow & 
Emmens, 1938). 

Partition chromatography. Fractionation of the extracted 
17-oxosteroids was carried out by partition chromato- 
graphy on columns of silicic acid with nitromethane as 
stationary phase, and light petroleum (boiling range 60— 
80°) containing 3% of CHCl, as mobile phase (Jones & 
Stitch, 1953). 


RESULTS 


The effect of pH (3-55—-5-5) on the rate of hydrolysis 
of the urinary 17-oxosteroid conjugates showed a 
shallow pH optimum in the region of 4-5—5-0. The 
rate of hydrolysis increased rapidly with increase in 
enzyme concentration up to about 50 mg. (approxi- 
mately 450 units of sulphatase and 6-0 x 10* units 
of f-glucuronidase/25 ml. of urine), but further 
increase had little effect. 


Rate of release of free 17-oxosteroids from 
urine by an extract of P. vulgata 


The enzymic hydrolysis of 25 ml. portions of 
urine was studied over a period of 140 hr. After 
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Fig. 1. Release of 17-oxosteroids from urine by enzyme 
from P. vulgata. Portions (25 ml.) of a 24 hr. urine were 
incubated at 37°+0-1° with 450 units of sulphatase and 
6 x 104 units of B-glucuronidase in 50 mg. of powder. The 
pH was adjusted to 5-0 with acetate buffer. Controls 
without enzyme were incubated at the same pH for the 
same periods. Residual oxosteroid remaining after enzymic 
hydrolysis was determined by acid hydrolysis. The total 
17-oxosteroids released by acid hydrolysis of a 25 ml. 
portion is shown by the height of the black area. @—®, 
Limpet extract; @---@, residual ketosteroid released by 


acid after enzymic hydrolysis; ©—©, untreated urine. 


100 120 


extraction of the 17-oxosteroids, the residual urine 
was hydrolysed with acid in order to obtain an 
estimate of the amounts of conjugated 17-oxo- 
steroids remaining after enzymic hydrolysis. Un- 
treated urine controls were incubated at the same 
pH. Results shown in Fig. 1 reveal an increase in 
17-oxosteroids with time up to 70 hr., together with 
decreased residual 17-oxosteroid. 


Removal of inhibiting ions from solution before 
enzymic hydrolysis of the urinary 17-oxosteroids 


Sulphate. Normal male urine samples (25 ml.) 
were treated with 2 ml. of an aqueous solution of 
barium chloride saturated at room temperature 
(18°). The precipitated barium sulphate was left in 
suspension. Portions (25 ml.) of the same urine 
similarly treated gave no further precipitate when 
centrifuged and treated with additional barium 
chloride. The pH of each portion was adjusted to 
5-0 with N-HCl, and 450 units of sulphatase and 
6 x 104 units of B-glucuronidase in 50 mg. of powder 
were added. Incubation was carried out at 37° for 
periods of time varying from 5 to 96 hr. The samples 
were extracted and the 17-oxosteroid content was 
estimated by the Zimmermann reaction. Un- 
treated urine controls were incubated at the same 
pH. The time-—hydrolysis curves which were 
obtained indicated a slight acceleration of the 
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hydrolysis rate after precipitation of the sulphate 
ion (Fig. 2). 

In a similar experiment on another urine sample, 
the precipitated barium sulphate was removed by 
filtration before incubation. The results again 
showed that the effect of sulphate removal was a 
slight (12%) increase in the rate of hydrolysis. 
Barium has been shown to be without appreciable 
effect on the enzymic hydrolysis of dehydroepi- 
androsterone sulphate and of phenolphthalein f- 
glucuronide (Stitch et al. 1956). 

Sulphate and phosphate. Portions (25 ml.) of a 
normal male urine were adjusted to pH 11-5 with 
2n-NaOH, treated with 2 ml. of a 10% aqueous 
solution of barium chloride and centrifuged, and 
the pH of the supernatant urine was adjusted to 
5-0 with HCl. A total of 450 units of sulphatase and 
6 x 104 units of 8-glucuronidase in 50 mg. of powder 
was added and incubation carried out for 2 hr. at 
37°. Treatment of similar urine samples with 
additional barium chloride after centrifuging gave 
no further precipitate. The results indicated a four- 


fold increase in the rate of hydrolysis over that of 


the controls which were not treated with barium 
chloride. 
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Fig. 2. Effect of removal of sulphate ion on rate of hydro- 
lysis of urinary 17-oxosteroids. Portions (25 ml.) of 
24 hr. urine were incubated at 37° +0-1° with 450 units of 
sulphatase and 6 x 104 units of B-glucuronidase in 50 mg. 
of powder at pH 5-0; 25 ml. portions of the same urine 
were incubated, after precipitation of sulphate, under the 
same conditions. The total oxosteroids released by acid 
hydrolysis is shown by the height of the black area. The 
shaded area shows the untreated urine control incubated 
at the same pH; @—@, effect of enzyme after precipita- 
tion of sulphate; @---@, effect of enzyme without 
precipitation of sulphate; ©—©, residual oxosteroid 
released by acid after enzymic hydrolysis. 


Table 1. Comparison of the total neutral 17-oxosteroids released by acid and by enzyme: 
hydrolysis of 250 ml. portions of different urines 


17-Oxosteroids 


(mg./24 hr.) 
oy 7. 
Acid Enzyme Enzyme x 100 
Sample of urine hydrolysis hydrolysis Acid 
Normal (pooled male) 5-2* 5-0* 96-1 
Mental patients (male) 
1 11-4 10-0 87-8 
2 13-7 11-2 81-9 
3 13-7 12-5 91-3 
4 6-0 6-4 106-5 
5 9-7 11-7 120-5 
6 8-7 9-05 109-0 
7 9-8 11-05 112-0 
8 7-5 8-95 120-0 
9 15-45 17-2 111-1 
10 7-2 6-8 94-5 
ll 13-4 13-4 100-0 
12 18-6 18-2 98-0 
13 10-5 9-75 93-0 
14 23-2 13-9 60-0 
15 15 5:3 102-5 
16 ‘5 3-35 44-4 
Mental patients (female) 
1 9-8 8-9 90-9 
2 2-85 2-4 83-1 
: 2-5 1-6 69-4 
4 9-1 8-1 89-0 
5 5 5-1 59-8 
6 12-3 11-8 96-0 
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Effect of sulphate and phosphate precipitation 
on the 17-oxosteroid content of urine 


Two 25 ml. portions of urine were treated with 
barium chloride as described in the previous 
experiment. In this case the precipitated barium 
salts were washed with 3 ml. portions of water and 
the washings added to the supernatant urine. As 
controls, two further 25 ml. portions of urine were 
treated similarly but with distilled water replacing 
the barium chloride solution. All four samples were 
then subjected to acid hydrolysis in the presence of 
carbon tetrachloride, and the 17-oxosteroid content 
of the carbon tetrachloride extracts was deter- 
mined as described above. The results indicated 
that a significant (16%) loss of 17-oxosteroid 
oecurred during the precipitation of the sulphate 
and phosphate ions. Attempts to extract the 
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adsorbed 17-oxosteroid from the precipitated 
barium salts included extraction with two 5 ml. 
portions of ethanol followed by acid hydrolysis (in 
the presence of carbon tetrachloride) of the residue. 
The results showed that in neither case could any 
17-oxosteroid be recovered. 


Comparison of acid and enzymic hydrolysis 


In this series of experiments, carried out by 
Dr J. J. Gordon, urines from normal males and 
mental patients were taken for a comparison of the 
amounts of 17-oxosteroids released by either acid or 
enzymic hydrolysis. 

One sample of each urine was hydrolysed with 
acid as described above and the second was adjusted 
to pH 4-5 with HCl, and an amount of enzyme 
containing 5000 units of sulphatase and approx. 
0-75x 108 units of f-glucuronidase was added. 
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Fig. 3. Partition chromatography of 17-oxosteroid extracts from normal male urines: (A) after enzymic hydrolysis; 
(B) after acid hydrolysis. The following steroids are eluted in the peaks: I, artifacts (chiefly 38-chloroandrost-5-en- 
17-one); II, unknown; III, 3:5-cycloandrostan-6-ol-17-one and androsterone; IV, androstan-3/-ol-17-one; Va and 


Vb, androst-5-en-3f-ol-17-one; testan-3«-ol-17-one. 
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Incubation was carried out at 37° for 96 hr. The 
results of this comparison are shown in Table 1 
and have been calculated in terms of androst-5- 
en-3f-ol-17-one after correction for non-ketonic 
chromogens by the method of Cook & Rooks 
(1952). 


Partition-chromatographic analysis of the 17-oxo- 
steroids extracted from urine after enzymic or acid 
hydrolysis 


Two 24 hr. specimens of normal male urine were 
divided equally; one portion of each specimen was 
subjected to acid hydrolysis and the other incubated 
at pH 5-0 with sufficient enzyme to give 20000 
units of sulphatase/|. of urine and approx. 3-0 x 106 
units of B-glucuronidase/l. Incubation was carried 
out at 37° for 96 hr. After incubation the liberated 
steroids were extracted and washed. A portion of 
the total extract containing 3-4 mg. of total 17- 
oxosteroid was evaporated to dryness, and taken 
for chromatography. Fractionation was carried out 
as described by Jones & Stitch (1953). The chromato- 
graphic patterns obtained are illustrated in Fig. 3. 
These show a difference in the distribution of the 
peaks according to the method of hydrolysis 
employed. 

In some cases a rather different elution pattern 
was obtained which seemed to indicate forma- 
tion of additional polar steroids during enzymic 


hydrolysis. 
DISCUSSION 


The results described above show that the mollus- 
can-enzyme preparations are capable of releasing 
some urinary neutral 17-oxosteroids from their 
water-soluble derivatives in urine. The comparison 
between the enzymic hydrolysis and the conven- 
tional acid hydrolysis shows some similarity in 
total 17-oxosteroid values obtained. However, on 
fractionation of the steroid extracts it is clear that 
the compounds generally accepted as artifacts of 
acid hydrolysis (Fig. 3, peak 1) are absent from the 
extract derived after enzymic hydrolysis. Further- 
more, it appears that other peaks are increased 
when the enzyme extract is employed. It is noted 
that in spite of the failure of the enzyme extract to 
hydrolyse pure androsterone sulphate (Stitch et al. 
1956) the chromatographic peak corresponding to 
the position of androsterone in the elution sequence 
(peak 3) was obtained in similar yield by both acid 
and enzymic hydrolysis. This would appear to 
indicate that the androsterone was not excreted, in 
the urine samples studied, in the sulphate form or 
that hydrolysis of this compound occurred by a 
mechanism other than that initiated by the added 
enzyme. Recently, Jayle & Baulieu (1952) found 
androsterone only in the fraction soluble in butanol 
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at pH 11 but not hydrolysed at pH 5-8. However, 
Birke & Plantin (1954) found that androsterone 
comprised 20% of the liberated steroids after 
hydrolysis of the urinary conjugates with 1:4- 
dioxan and chromatography and infrared spectro- 
scopy of the hydrolysate. 

Decomposition of the 17-oxosteroid by bacteria 
may account for the decline in steroid value 
observed after prolonged incubation (Fig. 1). This 
fall in value was also observed on butanol extracts 
of urine but was not a general occurrence. Attempts 
to prevent bacterial action by the addition of 
penicillin G (5000 units) and streptomycin sulphate 
(2-5 mg.) (without effect on the enzymic-hydrolysis 
rate of dehydroepiandrosterone sulphate and 
phenolphthalein £-glucuronide), to a _ butanol 
extract (5 ml.) of 50ml. of urine, gave incon- 
clusive results since control urines and _ urines 
with added antibiotic showed similar rates of 
hydrolysis, and neither showed the late fall in 
17-oxosteroid value. A small amount of residual 
17-oxosteroid always appears to remain unhydro- 
lysed after enzymic hydrolysis has been carried 
out (Figs. 1, 2). 

The variable results for the comparison of steroid 
released by acid and by enzymic hydrolysis can be 
accounted for by the high but variable concentra- 
tion of phosphate inhibitor in urine and by diffi- 
culties in the extraction of the steroids from urine 
after enzymic hydrolysis. 

Although this enzymic procedure has been shown 
to reduce the artifact normally associated with acid 
hydrolysis, no account has been taken of possible 
steroid transformations which may be effected by 
enzyme systems contained in the urine or in the 
added molluscan extracts. Such effects have been 
demonstrated recently (Talalay & Bobson, 1953). 
It is significant that microbiological hydroxylation 
of many steroids has recently been reported by 
several authors, e.g. Zaffaroni, Campillo, Cordoba 
& Rosenkranz (1955). Enzyme systems in the urine 
could have been destroyed by boiling, but this was 
felt to be undesirable because of the possible effects 
of heat on the 17-oxosteroids. The negligible blanks 
obtained indicated that endogenous f-glucuronidase 
and sulphatase were not responsible for the hydro- 
lysis of the steroid conjugates. In view of the 
possibility of steroid transformation by unknown 
enzyme systems, the extracts obtained after this 
form of hydrolysis cannot necessarily be considered 
free from artifact. 

The marked specificity of the sulphatase and the 
relatively high release of 17-oxosteroid from urine 
on occasions suggests that sulphates other than 
those of the 3f-, 5«- and A®-series may comprise 
a small fraction of the total 17-oxosteroids, or that 
hydrolysis of these conjugates may be effected by 
some other process. 
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SUMMARY 


1. The application of a sulphatase and f- 
glucuronidase extract of molluscan origin to the 
hydrolysis of urinary steroid conjugates has been 
described. 

2. The effect of varying conditions of pH, time 
and enzyme concentration on the rate of hydrolysis 
of the conjugates has been studied. 

3. The influence of some urinary inorganic 
inhibitors on the rate of enzymic hydrolysis has 
been indicated. 

4. A comparison of the amount of neutral 17- 
oxosteroids released by the methods of enzymic 
and acid hydrolysis has been made. 

5. Partition chromatography of urinary neutral 
17-oxosteroids after both enzymic and acid hydro- 
lysis has been carried out. A difference in the 
distribution of various chromatographic fractions 
depending on the method of hydrolysis was noted. 

The authors wish to thank Dr J. J. Gordon for supervising 
the comparison of 17-oxosteroids released by enzymic and 
by acid hydrolysis. 
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The Selective Solvation of the Hyaluronic Acid Complex 
of Ox Synovial Fluid 


By B. 8S. BLUMBERG* anp A. G. OGSTON 
Department of Biochemistry, University of Oxford 


(Received 6 February 1956) 


This work was undertaken to test the suggestion 
made by Johnston (1955) that a large part of the 
volume occupied in solution by the coiled-chain 
particles of the hyaluronic acid complex (Ogston & 
Stanier, 1951, 1952) might be ‘impenetrable’ by 
serum albumin. Such an impenetrability could 
equally be regarded as a positive selective solvation 
of the hyaluronic acid complex by components of 
the solution (water and buffer salts) other than 
albumin (Ogston, 1954). This hypothesis was tested 
by studying the effect of concentration of albumin 
on the sedimentation of the hyaluronic acid com- 
plex in the ultracentrifuge; this is the method used 
by Lauffer and his colleagues (see Lauffer, Price & 
Petre, 1949) to estimate the ‘solvation’ of virus 
particles. 


* Fellow of the Arthritis and Rheumatism Foundation. 


The rate of sedimentation of the hyaluronic acid 
complex becomes zero when the reciprocal of its 
effective specific volume (i.e. its effective density in 
solution) is equal to the density of the solution. Its 
effective density can be regarded as being deter- 
mined by the relative proportions in the sedimenting 
particles of (i) unsolvated hyaluronic acid complex, 
(ii) solvent free of albumin, (iii) solvent containing 
albumin, of the same composition as that of the 
bulk solution. 


EXPERIMENTAL 


Hyaluronic acid complex. This was prepared by the 
method of Ogston & Stanier (1950). The complex was 
washed 16 times with buffer on a sintered-glass filter of 
average pore diameter 1. The resulting solution showed 
only a single, very sharp boundary in the ultracentrifuge, 
and no sign of any free protein. 
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Serumalbumin. Ox serum (50 ml.) was diluted with 50 ml. 
of water and mixed with 100 ml. of a saturated solution 
of ammonium sulphate. The precipitated globulins were 
removed by centrifuging. The supernatant solution was 
mixed with 150 ml. of saturated solution of ammonium 
sulphate/100 ml. of supernatant. The precipitated albumin 
was filtered off, dialysed thoroughly against water and 
freeze-dried. 

Separate stock solutions of hyaluronic acid complex and 
of albumin were made and dialysed against buffer [0-1 m- 
NaCl, 0-046M-Na,HPO,, 0-014m-KH,PO, (pH 7-3)]. These 
two solutions and buffer were mixed to give a final concen- 
tration of hyaluronic acid complex of 2-8 mg./ml. and 
varying final concentrations of albumin. A solution con- 
taining sucrose was made by dissolving a weighed amount of 
sucrose in a measured volume of the dialysed solution of 
hyaluronic acid complex. 

Sedimentation. Sedimentations were observed in a 
Svedberg oil-turbine ultracentrifuge by the method of 
Cecil & Ogston (1948) with the modified bar-schlieren 
optical system of Baldwin (1953). The temperature was 
about 27° and the speed of rotation 900 rev./sec. 


RESULTS 

Sedimentation of hyaluronic acid complex in 
albumin solutions. Except at very low concentra- 
tion the rate of downward sedimentation of the 
hyaluronic acid complex is less than that of albumin 
(Johnston, 1955). It is therefore not possible to 
observe the downward sedimentation of the 
complex in the region of constant concentration of 
albumin. However, an upward-moving boundary 
of the complex, originating at the bottom of the cell, 
should be observed if the concentration of albumin 
is high enough. 

With the lower concentrations of albumin (6 and 
9%, w/v) an ascending boundary of hyaluronic 
acid complex located itself within the region of 
raised concentration of albumin at the bottom of 
the cell, at a level at which the density of the solution 
is equal to the reciprocal of the effective partial 
specific volume of the complex (Fig. 1A). This 
boundary moved up the cell only as albumin 
accumulated at the bottom of the cell (Fig. 2). 

When the concentration of albumin was raised to 
12% (w/v) the peak moved upwards more rapidly, 
through the uniform concentration of albumin 
(Fig. 1C, Fig. 2). The step in the albumin base-line 
seen in Fig. 1C at the position of the ascending 
boundary of complex is due to the effect of the 
hyaluronic acid on the rate of sedimentation of the 
albumin (Johnston, 1955), which causes the concen- 
tration of albumin to be greater below the boundary 
of the complex than above it (Johnston & Ogston, 
1946). 

Sedimentation of hyaluronic acid complex in 
sucrose solution. Fig. 1D shows that no ascending 
boundary of the complex was observed in 15% 
sucrose (w/v). A descending boundary occurred, 
within the descending gradient due to the sucrose; 
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integration of the gradient of the refractive index 
due to the sucrose, between the base-line (15%, 
w/v) and the position of the descending boundary of 
the complex, by using the specific refractive incre- 
ment of sucrose, showed that the concentration of 
sucrose at this point was 14% (w/v). 





Fig. 1. Schlieren diagrams showing the sedimentation of 
hyaluronic acid complex in the presence of serum 
albumin. Sedimentation occurs from right to left. 
(A) Complex (2-8 mg./ml.) in albumin (6 g./100 ml.); 
40 min. after reading full speed; schlieren angle 10°. 
A boundary of the complex (c), in the accumulation of 
albumin at the bottom of the cell, appears at the extreme 
left; at the right (from left to right) are the descending 
boundaries of albumin (a) and of the complex (c’), and the 
meniscus (m). (B) Control, albumin (6 g./100 ml.) with 
no complex; 95 min. after reading full speed; schlieren 
angle 15°. No boundary is seen at the extreme left in the 
accumulation of albumin at the bottom of the cell 
(compare A). (C) Complex (2-8 mg./ml.) in albumin 
(12 g./100 ml.);_ 110 min. after reading full speed; 
schlieren angle 10°. A boundary of complex (c) is seen at 
the extreme left ascending through uniform concentra- 
tion of albumin (compare A, and see text). (D) Complex 
(2-8 mg./ml.) in sucrose (15 g./100 ml.); 30 min. after 
reading full speed; schlieren angle 12°. No ascending 
boundary of complex is visible; at the right the descending 
boundary of complex (c’) is seen in the gradient due to 
sedimentation of the sucrose (see text). 











28 


Y 
wn 


y bY 
yr Ww 


Y 
= 


Distance of boundary from meniscus (cm.) 
nN 
> 





Y 
o 


120 140 160 180 


20 40 60 80 100 
Time from full speed (min.) 


Fig. 2. Movement of the ascending boundary of hyaluronic 
acid complex from the bottom of the cell, as measured on 
the photographic record (magnification factor 1-868). The 
concentration of complex was 2-8 mg./ml., in albumin at 
the following concentrations: 6 (O), 9 (@) and 12 (@)% 
(w/v). 


DISCUSSION 

The results show that the hyaluronic acid complex 
sediments downwards in concentrations of albumin 
less than 9%, but upwards in 12% albumin, and 
indicate that it would sediment at zero rate in about 
10% albumin. Extrapolation of Johnston’s (1955) 
indirect observations on the sedimentation of the 
complex in lower concentrations of albumin 
supports this conclusion. The density of the solution 
containing 10% albumin is 1-033; that of buffer 
solution without albumin is 1-008; the partial 
specific volume of the complex is 0-69 (Ogston & 
Stanier, 1951). The resultant value for the positive 
selective solvation by solvent, less albumin, is 
12 ml./g. of hyaluronic acid complex. 

This quantity is equivalent to the ‘impenetrable 
volume’ defined by Johnston (1955), but its 
value is very much less than the, 1000 ml./g. which 
Johnston’s hypothesis demands. This must be 
taken as disproving Johnston’s hypothesis, and 
some other explanation is needed of the effect of 
hyaluronic acid complex on the sedimentation of 
albumin, on which the hypothesis was based. 

Even so, the value of 12 ml./g. may appear large 
at first sight. It is, however, of the order to be 
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expected from simple steric considerations (Schach- 
man & Lauffer, 1949) based on the coiled-chain 
nature of hyaluronic acid (Ogston & Stanier, 1951, 
1952; Blumberg & Oster, 1954; Laurent & Gergely, 
1955). Since the complex sediments downwards in 
a solution of sucrose of concentration 14% (w/v), 
whose density is 1-052, its selective solvation in this 
solution must be less than 6-5 ml./g. Schachman & 
Lauffer (1949) found a similar difference with 
tobacco mosaic virus in solutions of albumin and of 
sucrose. 

The physiological consequence of this finding is 
that molecules of the size of serum albumin should 
be able readily to penetrate solutions or gels con- 
taining hyaluronic acid, such as are found in inter- 
cellular spaces. 


SUMMARY 


1. The sedimentation of hyaluronic acid complex 
(of ox synovial fluid) has been observed in solutions 
containing various concentrations of serum albumin. 
The hyaluronic acid sediments downwards in con- 
centrations of albumin of 9 g./100 ml. and below, 
but upwards in a concentration of 12 g./100 ml. 

2. Hyaluronic acid complex will therefore sedi- 
ment at zero rate in a uniform concentration of 
albumin of about 10 g./100 ml. This indicates a 
selective solvation of the complex by solvent free 
of albumin, or a volume impenetrable by albumin, 
of about 12 ml./g. of hyaluronic acid. 

3. This quantity is far lower than that suggested 
by Johnston (1955). 

4. The selective solvation is considerably less in 
sucrose. 
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In recent times a number of studies have been made 
on the amylose and amylopectin contents of starches 
isolated from different plant materials. The main 
purpose of all these studies was to investigate the 
structure of the starch molecule and to correlate 
it with other physicochemical properties like vis- 
cosity, retrogradation, ete. 

Of late, much interest has also centred round the 
potential industrial uses of the separated fractions. 
Analysis of the usual starch sources of industrial 
significance, such as potato, corn and tapioca, has 
revealed that they contain only 20-25 % of amylose, 
and it does not appear to be economically feasible 
to fractionate amylose from these materials. The 
search has therefore been directed for a high- 
amylose starch that can be economically produced 
in significant quantities. Furthermore, we were 
interested to find out whether the difference in the 
rate of digestibility of the various starches, observed 
by us, could in any way be explained by their 
amylose and amylopectin contents. 

Most of the work so far has been done on cereals, 
tubers (Bates, French & Rundle, 1943; Lansky, 
Kooi & Schoch, 1949; Higginbotham & Morrison, 
1949; Meyer & Gibbons, 1951), and to some extent 
also on fruits, e.g. apple (Potter, Hassid & Joslyn, 
1949) and banana (Brown, Halsall, Hirst & Jones, 
1948), but no work seems to have been carried out 
on the starches of pulses, beans or of certain tubers 
which are essential ingredients in the dietary of the 
people of India. The present paper reports a study 
of the amylose and amylopectin contents of the 
starches of eleven pulses and beans, a seed, two 
millets and two tubers. For comparison a study has 
also been made of the starches isolated from rice, 
wheat, millets, potato, sweet potato and a variety of 
smooth peas, all grown locally, and a sample of 
waxy maize starch. 

The results in this paper are reported as per- 
centage of bound iodine, because varying figures 
have been quoted for the iodine-binding capacity of 
pure amylose by various authors (Bates et al. 1943; 
Higginbotham & Morrison, 1949; Doremus, Cren- 
shaw & Thurber, 1951; Lansky et al. 1949). The 
advantage of this form of presentation has been 
fully discussed by the last-named authors. How- 
ever, for comparison, we have also calculated the 


amylose contents of the starch samples, and have 
used Higginbotham’s value of 21:-2% (mg. of 
I,/100 mg. of carbohydrate) as the iodine-binding 
capacity of pure amylose. 


EXPERIMENTAL 


Preparation of starches 


Pulses and beans. The starches from various pulses were 
prepared according to the following general technique. 

The best quality commercial split, dehusked and sound 
grains were selected for the starch preparation. They were 
well washed in water and then soaked in water for 3-4 hr. 
until they had imbibed enough to become fully turgid and 
fairly soft. A suspension of the swollen grains in water was 
disintegrated in a Waring Blendor. The resulting slurry was 
filtered through several folds of fine muslin and allowed to 
settle. The dark-coloured supernatant liquid was decanted 
off and the settled starch was resuspended in water. The 
suspension was stirred, filtered through several layers of 
fine muslin and allowed to settle. The supernatant liquid 
was poured off before complete sedimentation had occurred. 
This cycle was repeated four or five times to increase the 
purity of the starch. The purified starch was suspended in 
ethanol and collected on a Biichner funnel, washed well with 
further quantities of ethanol and finally air-dried at room 
temperature. The starch was powdered and bottled for 
analysis. 

Bengal gram (Cicer arietinum, variety II, local name 
Kabli channa), cow pea (Vigna sinensis, varieties I and II, 
local names Rawan and Roonghi respectively), smooth pea 
(Pisum sativum, local name Mattar) were soaked overnight 
before working in the Blendor. 

Cereal and millets. Starches from this group were isolated 
as is done commonly with wheat. Dough was made from 
their flours and starch separated as usual. 

Seeds and tubers. They were peeled and sliced, and then 
worked up in the Blendor in the normal way. Preparation of 
starch from Colocasia esculenta (Arvi), however, was quite 
troublesome, as it formed an extremely stable emulsion, 
owing to the presence of mucilaginous impurities, and the 
starch did not settle down as in other cases. The complete 
removal of these materials was achieved by repeated 
washing of finely grated material, which had been soaked in 
5% NaCl solution overnight and scrubbed occasionally. In 
all, 48 hr. were necessary to free the sample completely from 
the mucilaginous material. The rest of the procedure was the 
same as described previously. 

All samples were defatted by Soxhlet extraction with 
absolute ethanol for 24 hr. before determining their iodine- 
binding capacities. 
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Determinations of the content of ash and soluble matter, 
along with the usual hydrolytic studies, were carried out to 
check the purity of starch samples. All the starch samples 
studied were low in content of ash and soluble matter, and 
yielded on hydrolysis with acid 98-99 % of the theoretically 
obtainable glucose. 


Determination of the iodine-binding capacity 
of the starch samples 

The iodine-binding capacity was determined by means of 
the iodine potentiometric titration method of Bates et al. 
(1943), as modified by Lansky et al. (1949). A Cambridge 
potentiometer reading to 0-1 mv was used, in conjunction 
with a sensitive spot galvanometer. The instrument was 
standardized by titrating 100 ml. of a solution 0-05 with 
respect to KCl and KI with a solution containing 0-2 mg. 
of iodine/ml. in 0-05n-KCI-KI. A calibration chart was 
made and the amount of free iodine calculated therefrom. 


RESULTS 


Table 1 shows the iodine-binding capacities of 
various starches. These values were obtained by 
extrapolating the horizontal portion of the curve 
drawn by plotting mg. of bound iodine against mg. 
of free iodine in solution. Fig. 1 shows the typical 
curves of the representative starch samples of the 
various food grains. This includes curves of ab- 
normal starches like those of Colocasia (varieties I 
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Fig. 1. Iodine affinities of various starches. Weights in 
brackets refer to dry material. ©, Pisum sativum L. 
(88-8 mg.); A, Phaseolus mungo L. (89-2 mg.); x, 
Colocasia esculenta L., Schott et Endl, variety I (170 mg.); 

, Trapa bispinosa Roxb. (86-4 mg.); @, Oryza sativa L. 

(89-5 mg.); O, Colocasia esculenta L., Schott et Endl, 

variety II (87-2 mg.); &, Zea mays L. (waxy maize) 

(170 mg.). 














Table 1. Iodine-binding capacities of starches 


Percentage amylose is expressed on a dry-matter basis. 


Source of starch 

Pulses and beans 
Black gram (Phaseolus mungo L.) 
Green gram (P. aureus Roxb.) 
Lentil (Lens culinaris Roxb.) 
Red gram [Cajanus cajan (L.) Millsp.] 
Moth bean (Phaseolus aconitifolius Jacq.) 
Bengal gram, variety I (Cicer arietinum L.) 
Bengal gram, variety II (C. arietinum L.) 
Red kidney bean (Phaseolus vulgaris L.) 
Cow pea, variety I (Vigna sinensis Savi.) 
Cow pea, variety II (V. sinensis Savi.) 
Pea (smooth) (Pisum sativum L.) 

Millets and cereals 
Jowar (Sorghum vulgare Pers.) 
Bajra (Pennisetum typhoides Staff & Hubbard) 
Rice (Oryza sativa L.) 
Wheat (Triticum aestivum L.) 
Maize (yellow) (Zea mays L.) 
Maize (waxy) (Zea mays L.) 


Seeds and tubers 


Potato (Solanum tuberosum L.) 

Sweet potato (Ipomoea batatas Lam.) 

Colocasia, variety I [Colocasia esculenta (L.) 
Schott et Endl] 

Colocasia, variety II [Colocasia esculenta (L.) 
Schott et Endl] 

Horn chestnut (T'rapa bispinosa Roxb.) 


Todine-binding 


capacity 
(mg. of I,/100 mg. Percentage 
Local name of starch) of amylose 

Urd 5-18 24-4 
Moong 5-38 25-4 
Masoor 6-00 28-3 
Arhar 5-45 25-7 
Moth 5-58 26-3 
Channa 5-65 26-8 
Kabli channa 6-14 29-0 
Raj-mah 5-72 27-0 
Rawan 5-48 25-8 
Roonghi 5-47 25:8 
Mattar 5-95 28-0 
Jowar 4-09 19-3 
Bajra 4-44 21-0 
Chawal 3-18 15-0 
Gehun 3-91 18-4 
Makki 4-28 20-2 
Makki 0-1 0 

Alu 3-73 17-6 
Shakarkandi 3-41 16-1 
Arvi 1-87 8-8 
Kachalu 1-35 6-4 
Singhara 2-72 12-8 
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and II) and of waxy maize together with one curve 
each for normal starches as present in different 
groups of food grains like pulses and beans, millet 
and cereals and seeds and tubers. 


DISCUSSION 


The iodine-binding capacities of the starches vary 
from 2-72 to 6-14, except for those of the two 
varieties of Colocasia esculenta. Most of the values 
fall within the range of 20-30 % amylose content of 
normal cereal and tuber starches quoted by Peat, 
Bourne & Nicholls (1948). Furthermore, it will be 
observed that starches from pulses and beans have 
distinctly higher amylose contents than starches 
from the cereals, millets and tubers examined. 

Starches from Colocasia contain appreciably less 
amylose than the other samples examined. It may 
be seen from Fig. 1 that their curves do not follow 
the conventional patterns. The break in the hori- 
zontal portion may be due to the presence of a large 
number of external branches in the amylopectin, 
sufficiently long to bind a considerable quantity of 
iodine at higher free iodine concentration, or it 
could also be attributed to the presence of small 
amounts of a fraction intermediate between amy- 
lose and amylopectin. 

Our results are at variance with those of Fer- 
nandez (1948), who has reported the amylose 
content of a Spanish sample of Colocasia to be 
17-5 %, determined by electrodialysis. Whether this 
discrepancy in the amylose content can be ex- 
plained by the different experimental technique or 
the difference of the sample variety remains to be 
seen. The value of 12-8 % for horn chestnut is also 
an example of a low-amylose-bearing starch. 
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SUMMARY 


1. The iodine-binding capacities of several native 
starches of Indian food grains are reported. 

2. Most of the starches are normal, in that they 
absorb between 2-72 and 6-14 g. of iodine per 100 g. 
of carbohydrate. 

3. Colocasia starch contains appreciably more 
amylopectin than the other starches. 

4. Pulse and bean starches have distinctly higher 
amylose contents than the starches from cereals, 
millets and tubers examined. 


The authors are grateful to Dr D. 8. Kothari, Scientific 
Adviser, Ministry of Defence, for his interest in this work and 
permission to publish it. Thanks are also due to Dr D. 
Chatterjee, Indian Agricultural Research Institute, New 
Delhi, for the identification of the various food grains, and 
to Dr T. J. Schoch, Corn Products Refining Co., New York 4, 
U.S.A., for the sample of waxy maize starch kindly pro- 
vided. 
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94 
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identification of (Broughton, P. M. G.) 207 

Barium, radioactive, comparative study on metabolism of, 
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Bile acids, free, species differences in conjugation of, with 
taurine and glycine (Bremer, J.) 507 

Bilirubin, excretion of, as an ester glucuronide giving 
direct van den Bergh reaction (Billing, B. H. & Lathe, 
G. H.) 6P 

Biochemical Journal: fiftieth anniversary 1 

Blood pigments, biosynthesis of (Dresel, E. I. B. & Falk, 
J.E.) 72, 80,388; (Falk, J. E., Dresel, E. I. B., Benson, A. 
& Knight, B.C.) 87 

Body water, total, in obesity (Pawan, G. L. 8S.) 12P 

Bone, rat, comparative study on metabolism of °Ba and 
45Ca in (Bauer, G.C. H., Carlsson, A. & Lindquist, B.) 535 

British anti-lewisite see 2:3-Dimercaptopropanol 

isoButyric acid in mutton fat (McInnes, A. G., Hansen, 

R. P. & Jessop, A. 8.) 702 


Calcium, metabolism of, in hypervitaminosis A in young 
rats (Nerurkar, M. K. & Sahasrabudhe, M. B.) 344 

Calcium, radioactive, comparative study on metabolism of, 
in rat (Bauer, G. C. H., Carlsson, A. & Lindquist, B.) 
090 
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tissue activated by (Rodnight, R.) 223 
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stein, J. M. & Cohen, P. P.) 1lP 
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4d 
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isolated rat diaphragm (Smith, M. J. H. & Jeffrey, S. W.) 
524 
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hibition of, by ethyleneimines (Roitt, I. M.) 300 

Carbohydrate metabolism in citric acid fermentation 
(Jagannathan, V., Singh, K. & Damodaran, M.) 94 

Carbohydrate metabolism in Escherichia coli, oxidative 
pathway of (Scott, D. B. McNair) 593 

Carbon dioxide fixation by Propionibacterium arabinosum 
and P. shermanii (Wood, H. G., Kulka, R. G. & Edson, 
N. L.) 177 

Carboxylic acids, separation of, by chromatography (Penn- 
ington, R. J. & Sutherland, T. M.) 618 

Carcinogens, bladder, metabolism of (Somerville, A. R., 
Henson, A. F., Cooke, M. E., Farquharson, M. E. & Gold- 
blatt, M. W.) 290 
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growth of, in tissue cultures (Fulton, W. C., Sinclair, R. 
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& Sutton, D. A.) 458 

Carotenogenesis, studies in (Goodwin, T. W.) 481; (van 
Niel, C. B., Goodwin, T. W. & Sissins, M. E.) 408 

Carotenoid synthesis in Rhodospirillum rubrum, changes in, 
during growth (van Niel, C. B., Goodwin, T. W. & Sissins, 
M. E.) 408 

Casein synthesis in lactating goat, effect of intravenous 
peptides on (Godin, C. & Work, T. 8.) 69 
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mammary gland for (Barry, J. M.) 669 

Cellular localization of bound enzymes (Wattiaux, R., 
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Cephalosporin C, competitive inhibition of penicillinase by, 
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628 
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Cerebral tissues, anaerobic glycolysis of, and a second, 
electrically-induced, metabolic defect (McIlwain, H.) 257 

Cerebral tissues, analysis of radioactive phosphates in 
extracts of (Heald, P. J.) 235 

Cerebral tissues, effects of electrical pulses on distribution 
of radioactive phosphate in (Heald, P. J.) 242 
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glycolysis of (McIlwain, H. & Tresize, M. A.) 250 
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E. M.) 367 
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of dermatophytes (Chattaway, F. W., Thompson, C. C. & 
Barlow, A. J. E.) 648 
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lysis products of dinitrophenylproline (Scanes, F. S. & 
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Chromobacterium violaceum (BN), isolation of D-glycero-D- 
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Claviceps purpurea, biosynthesis of ergothioneine by 
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406 
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active against Gram-negative bacteria (Francis, J., 
Landquist, J. K., Levi, A. A., Silk, J. A. & Thorp, J. M.) 
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2:4-Dinitrophenol, effect of, on accumulation of radio- 
active iodine by slices of mouse salivary gland (Fletcher, 
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K.) 484 

Ethyleneimines, inhibition of carbohydrate metabolism in 
ascites-tumour cells by (Roitt, I. M.) 300 
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Fatty acids, component, of human forearm sebum, deter- 
mination of, by gas-liquid chromatography (James, A. T. 
& Wheatley, V. R.) 269 

Fatty acids, gas-liquid chromatography of esters of (James, 
A. T. & Martin, A. J. P.) 144 

Fatty acids, short-chain, metabolism of, in sheep (Penn- 
ington, R. J. & Sutherland, T. M.) 618 

Flavipin, a crystalline metabolite of Aspergillus flavipes 
(Bainier & Sartory) Thom & Church and Aspergillus 
terreus Thom (Raistrick, H. & Rudman, P.) 395 

Ficin, kinetics of hydrolysis of arginine derivatives cata- 
lysed by (Bernhard, 8. A. & Gutfreund, H.) 61 

Flower pigments of Primula sinensis, biochemical genetics 
of (Dayton, T. O., Harborne, J. B. & Sherratt, H.S. A.) 29P 

Fluorimetric estimation of adrenaline, noradrenaline and 
hydroxytyramine in urine (Weil-Malherbe, H.) 4p 

Fluoroacetate, effect of, on metabolism of Rhodospirillum 
rubrum (Elsden, 8S. R. & Ormerod, J. G.) 691 

Fluoroacetate poisoning, influence of acetamide on citrate 
accumulation after (Gitter, 8.) 182 

Fluoropyruvate, effect of, on respiration of animal-tissue 
preparations (Avi-Dor, Y. & Mager, J.) 613 

Fructose and xylulose, estimation of, in a binary mixture 
(Kulka, R. G.) 542 

Fructose-transferring enzymes of higher plants, formation 
of oligosaccharides from sucrose by (Allen, P. J. & Bacon, 
J.S. D.) 200 

Fruit acids of myrobalans (Hathway, D. E.) 380 

Fungi, effect of inhibitors, including fatty acids and deter- 
gents, on respiration of (Chattaway, F. W., Thompson, 
C. C. & Barlow, A. J. E.) 648 

Fusarium oxysporum, genetics of pathogenicity in (Buxton, 


E. W.) 30P 


Garlic, sulphydryl enzyme inhibition by allicin, the active 
principle of (Wills, E. D.) 514 

Gas-density meter, a new apparatus for detection of 
vapours in flowing gas streams (Martin, A. J. P. & James, 
A. T.) 138 

Gas-liquid chromatography (James, A. T. & Martin, 
A. J.P.) 144; (Martin, A. J. P. & James, A. T.) 138 

Gas-liquid chromatography, determination of component 
fatty acids of human forearm sebum by (James, A. T. & 
Wheatley, V. R.) 26y 
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solanums (Harborne, J. B.) 30P 

Genetics, biochemical, of flower pigments of Primula 
sinensis (Dayton, T. O., Harborne, J. B. & Sherratt, 
H.S. A.) 29P 

Genetics of pathogenicity in Fusarium oxysporum (Buxton, 
E. W.) 30P 

y-Globulin, rabbit, origin of multiple forms of (Askonas, 
B. A., Humphrey, J. H. & Porter, R. R.) 412 

Glucose catabolism by strains of Trypanosoma rhodesiense 
(Grant, P. T. & Fulton, J. D.) 8p 

Glucose catabolism, pathways of, in liver from rat with 
alloxan diabetes and hyperthyroidism (Glock, G. E., 
McLean, P. & Whitehead, J. K.) 520 

Glucose, metabolism of, by slices of lactating -mammary 
gland (Duncombe, W. G. & Glascock, R. F.) 326, 332 

[1-4C]Glucose, metabolism of, in enzyme system from 
Propionibacterium (Wood, H. G., Kulka, R. G. & Edson, 
N.L.) 177 

Glucose of isolated cerebral tissues (McIlwain, H. & 
Tresize, M. A.) 250 

Glucose, oxidation of, by Acetobacter suboxydans (Fewster, 
J. A.) 26P 

Glucose 6-phosphate dehydrogenase, formation of, in 
Escherichia coli, induced by 2:4-dinitrophenol (Scott, 
D. B. McNair) 593 

Glucose 6-phosphate dehydrogenase in Escherichia coli 
(Scott, D. B. McNair) 587 
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Glucose 1-phosphate, hydrolysis of, by rat liver extracts 
(Goodlad, G. A. J. & Mills, G. T.) 14P 

Glucose, reaction of histidine with (Lewin, 8.) 14 

D-Glucose, reactions of, with glutamic acid, valine and 
lysine (Lewin, S. & Fox, C.) 5p 

Glucose utilization, changes in, with growth of tissue 
cultures of HeLa cells (Fulton, W. C., Sinclair, R. & 
Leslie, [.) 18P 

B-Glucosidase, fluorimetric determination of: its occurrence 
in tissues of animals, including insects (Robinson, D.) 39 

B-Glucuronidase activity of molluscan extracts (Stitch, 
S. R., Halkerston, I. D. K. & Hillman, J.) 705 

Glucuronides, triterpene, metabolism of, in plants (Marsh, 
C. A. & Levvy, G. A.) 9 

Glutamic acid, reaction of p-glucose with (Lewin, 8S. & Fox, 
C.) 5P 

Glutamic acid, use of, by mammary gland for casein syn- 
thesis (Barry, J. M.) 669 

Glutamine, uptake of, from blood stream by lactating 
mammary gland (Sheldon-Peters, J. C. M. & Barry, 
J.M.) 676 

Glutamine, use of, by mammary gland for casein synthesis 
(Barry, J. M.) 669 

Glutathione, effect of, on metabolism of T'rypanosoma 
rhodesiense (Fulton, J. D. & Spooner, D. F.) 475 

Glycerol, use of, for preservation of rat-liver nuclei (Philpot, 
J. St L. & Stanier, J. E.) 214 

Glycerophosphate, use of, for preservation of rat-liver 
nuclei (Philpot, J. St L. & Stanier, J. E.) 214 

Glycine, porphyrins formed on incubation of chicken ery- 
throcyte preparations with (Falk, J. E., Dresel, E. I. B., 
Benson, A. & Knight, B.C.) 87 

Glycine, species differences in conjugation of free bile acids 
with (Bremer, J.) 507 

Glycogen of isolated cerebral tissues (McIlwain, H. & 
Tresize, M. A.) 250 

Glycolysis, aerobic, of isolated cerebral tissues (McIlwain, 
H. & Tresize, M. A.) 250 

Glycolysis, anaerobic, of cerebral tissues and a second, 
electrically-induced, metabolic defect (McIlwain, H.) 257 

Goat milk, chromatography of esters of fatty acids from 
(James, A. T. & Martin, A. J. P.) 144 

Gram-negative bacteria, 2-hydroxymethyl-3-methylquin- 
oxaline 1:4-dioxide, a metabolite of 2:3-dimethyl- 
quinoxaline 1:4-dioxide, active against (Francis, J., Land- 
quist, J. K., Levi, A. A., Silk, J. A. & Thorp, J. M.) 455 

Guanido compounds, colorimetric estimation of (Rosen- 
berg, H., Ennor, A. H. & Morrison, J. F.) 153 


Haddock flesh, triglycerides and cholesterol esters of 
(Lovern, J. A.) 373 

Haem biosynthesis, intermediates in (Dresel, E. I. B. & 
Falk, J. E.) 388 

Haem formation from $-aminolaevulic acid and from por- 
phobilinogen in haemolysed chicken erythrocytes (Dresel, 
E. I. B. & Falk, J. E.) 80 

Haem formation in intact chicken erythrocytes (Dresel, 
E. I. B. & Falk, J. E.) 72 

Heart muscle, inhibition of cytochrome systems of, by 
2-alkyl-4-hydroxyquinoline N-oxides (Lightbown, J. W. 
& Jackson, F. L.) 130 

Heart, purification of isocitric enzyme from (Moyle, J. & 
Dixon, M.) 548 

Heart tissue, chick embryonic, metabolism of, during 
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